Studies on Physico-chemical properties of some synthetic Building Materials by Joshi, Jayesh K.
          Saurashtra University 
     Re – Accredited Grade ‘B’ by NAAC 
     (CGPA 2.93) 
 
 
 
 
Joshi, Jayesh K., 2004, “Studies on Physico-chemical properties of some 
synthetic Building Materials”,  thesis PhD, Saurashtra University 
  
http://etheses.saurashtrauniversity.edu/id/eprint/414 
  
Copyright and moral rights for this thesis are retained by the author 
 
A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge. 
 
This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author. 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author 
 
When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given.  
 
 
 
 
 
 
 
 
 
Saurashtra University Theses Service 
http://etheses.saurashtrauniversity.edu 
repository@sauuni.ernet.in 
 
© The Author 
  
 
STUDIES ON  
PHYSICO-CHEMICAL  
PROPERTIES OF SOME SYNTHETIC  
BUILDING MATERIALS 
A 
THESIS SUBMITTED TO THE 
SAURASHTRA UNIVERSITY 
FOR 
THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
 
IN FACULTY OF SCIENCE (CHEMISTRY) 
BY 
JOSHI JAYESH KISHORCHANDRA 
 
UNDER THE GUIDANCE 
OF 
Dr. P. H. PARSANIA 
DEPARTMENT OF CHEMISTRY 
SAURASHTRA UNIVERSITY 
RAJKOT - 360 005, 
GUJARAT, INDIA 
AUGUST - 2004 
 
ACKNOWLEDGEMENTS 
 
 First and foremost, I wish to pay my sincere homage to the 
ALMIGHTY-creator of this wonderful world without HIS 
blessings this task have not been accomplished.  
 It is a matter of great pleasure to express my deepest 
gratitude to my noble, intellectual, mentor Dr. P. H. Parsania, 
Professor, Department of Chemistry, Saurashtra University, 
Rajkot for his continuous invaluable guidance, encouragement and 
constructive suggestions during the tenure of my research work. 
 I am grateful to acknowledge Dr. H. H. Parekh, (Professor 
and Head), and Dr. A. R. Parikh, (Rtd. Professor and Head), 
Department of Chemistry for adequate research facilities and 
their motivation and kind co-operation. 
 I am also thankful to all faculty members especially Dr. 
Natubhai Chauhan and Dr. H. S. Joshi for their moral support 
during my research work.  
  I would also like to extend my sincere thanks to my seniors 
as well as juniors: Dr. Falguli, Dr. Bhavesh, Dr. Sanjay, Dr. Vimal, 
Dr. Haresh, Sarika, Ragin, Sunil, Bhavesh and Nimisha. 
 It is my pleasure to remember and acknowledge my intimate 
friends and colleagues: Kunjal, Siddharth, Snehal, Tapan, Ashok, 
Kanji, Vimal, Ravi, Dinesh, Bharat, Hrishikesh, Arun, Bhavin, 
Shukla, Dushyant, Jaysukh Markana and Vinay.  
 The never ending process of unsurpassable dedication on 
the name of friendship by some of the best friends Niral Mehta, 
Dhanvirsingh Rana, Dr. Krushana Mavani and Chetan Thakar for 
their appreciation, inspiration and motivation during the tenure of 
my research work.  
 A special appreciation is extended to Mr. M. J. Meghpara 
for his enthusiasm, devotion to task assigned to him and patience 
while tracing figures and Mr. Ronak, Mr. Gaurang and Mr. Bharat 
for wonderful computer drafting of this thesis. I am also grateful 
to Dr. M. N. Jivani for his valuable help in computations. 
 I express thanks to Mrs. Vijayaben, Jignesh and Maulik 
Parsania for the hospitality extended to me during prolonged 
research discussion at their home during this work. 
 I would like to extend my sincere thanks to Dr. Shashikant 
Sharma (R & D Manager, IPCL), Directors MANTRA-Surat, 
ERDA-Vadodra, CFC-Shivaji University and Nagpur University for 
facilities and Mr. Manish Patel for manufacture of hydraulic 
press. Special thanks extended to Mr. ShirishBhai Kashikar for 
excellent drafting of research articles for various newspapers. 
 I would like to extend my deepest sense of gratitude to Mr. 
Shrikant Thanki for their divine and spiritual support. 
 Last but not least, the never ending process of devotion, 
love and affection, which was showered upon me by my beloved 
mother Minaxiben, my father Shri Kishorchandra Damodar 
Joshi, brother Ashutosh and bhabhi Poonam, who ever lightning 
my path and boosting me to go ahead to reach the goal. At last, I 
would like to express my heartiest feelings towards my loving 
nephew MEET. 
 
 
 
 
 
  
        Mr. Jayesh K. Joshi 
 
  
 
CONTENTS 
Sr. 
No. 
Title 
Page 
No. 
1 SYNPOSIS 1-11 
2 CHAPTER – 1 : LITERATURE SURVEY ON EPOXY AND 
                             FORMALDEHYDE RESINS BASED ON 
                             BISPHENOLS. 
12-45 
3 CHAPTER – 2 : SYNTHESIS OF MONOMERS, EPOXY 
                             RESINS, PHENOLIC RESIN AND CURING 
                             AGENT 
SECTION – I     : SYNTHESIS OF 1, 1’-BIS(3-R, 4-HYDROXY 
                             PHENYL) CYCLOHEXANE 
SECTION – II    : SYNTHESIS OF EPOXY RESIN OF BC AND 
                              MeBC 
SECTION – III  : SYNTHESIS OF BISPHENOL-C-FORMAL- 
                             DEHYDE RESIN 
SECTION – IV  : SYNTHSIS OF CURING AGENT 
46-51 
4 CHAPTER – 3 : CHARACTERIZATION OF EPOXY RESINS 
SECTION – I    : DETERMINATION OF EPOXY EQUIVALENTS 
SECTION – II   : CURING OF PHENOLIC AND EPOXY RESINS 
SECTION – III  : SPECTRAL CHARACTERIZATION OF 
                               CURED EPOXY RESINS 
52-84 
5 CHAPTER – 4 : THERMAL ANALYSIS OF CURED AND 
                             UNCURED RESINS 
85-128 
6 CHAPTER – 5 : PREPARATION OF GLASS FIBRE 
                             REINFORCED COMPOSITES 
129-144 
 
  
 
 
Sr. 
No. 
Title 
Page 
No. 
7 CHAPTER – 6 : PHYSICO-CHEMICAL PROPERTIES OF  
                            COMPOSITES 
SECTION – I    : MECHANICAL AND ELECTRICAL 
                             PROPERTIES  OF COMPOSITES 
SECTION – II   : CHEMICAL RESISTANCE OF COMPOSITES 
145-172 
8 CHAPTER – 7 : SURFACE COATING OF MIXED RESINS 
                             ON METALS 
173-181 
9 CHAPTER – 8 : DEVELOPMENT OF COMPOSITES BASED 
                             ON NATURAL FIBRES  
182-196 
10 CHAPTER – 9 : COMPREHENSIVE SUMMARY 197-200 
 
  
 
SYNOPSIS OF THE THESIS 
TO BE SUBMITTED TO SAURASHTRA 
UNIVERSITY FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY IN CHEMISTRY 
 
 
     FACULTY    :   SCIENCE 
 
     SUBJECT    :  CHEMISTRY 
 
TITLE :   STUDIES ON PHYSICO-CHEMICAL 
                PROPERTIES OF 
                                SOME SYNTHETIC BUILDING   
    MATERIALS 
 
     NAME OF THE CANDIDATE :   JOSHI JAYESH KISHORCHANDRA 
 
    REGISTRATION NO.  :  2628    
 
     DATE OF RESISTRATION :  23/08/2001 
 
     NAME OF THE GUIDE  :  Dr. P. H. PARSANIA 
        PROFESSOR, 
        DEPARTMENT OF CHEMISTRY, 
        SAURASHTRA UNIVERSITY, 
        RAJKOT - 360 005 
 
     SUBMITTED TO   :  SAURASHTRA UNIVERSITY 
 
 
 
PLACE OF WORK 
DEPARTMENT OF CHEMISTRY 
SAURASHTRA UNIVERSITY 
RAJKOT - 360 005, 
GUJARAT - INDIA
  
 
SYNOPSIS 
 
 
STUDIES ON PHYSICO-CHMICAL 
PROPERTIES OF SOME SYNTHETIC 
BUILDING MATERIALS 
 
 
 
Mr. J. K. Joshi 
Department of Chemistry 
Saurashtra University 
Rajkot-360 005  
  
 
GENERAL INTRODUCTION 
 The large family of epoxy and phenolic resin represents some of the 
highest performance resins of those available at this time. Such materials 
influenced on our lives and termed as “WONDER” materials. For any given 
applications in industrial sectors, the final choice would come to these 
materials. Such materials are potential candidates in the applications like 
coatings, electrical laminates, laminating materials with different reinforcing 
fibers viz: synthetic and natural fibers, adhesives, low-cost housing and repair 
of structural materials [1-6].  
 Recently, such resins are being used in specialized applications like 
airframe transport, chemical industries, marine industries, and aerospace 
applications and in biomedical applications [4]. This is due to their excellent 
physico-chemical properties such as electrical, thermal, mechanical, good 
dimensional stability and excellent chemical resistance [2, 5]. 
 
  
1. A. K. Bledzki and J. Gassan “Composite reinforced with ce l lu lose  based 
f ibers ” ,  Progress in polymer science, 24, 221-274, 1999.        
2. J.A.Brydson “Plastics Materials” 6th ed, Butterworth Heinemann, 1995.  
3. M. Eimikawi and A. S. Mosallam “A methodology for evaluations of the use of 
advanced composite in structural civil engineering applications.” Composite part: B 
27, 1996. 
4. S. Ramkrishana, Wintermantel and K. W. Leong “Biomedical applications of polymer 
composite materials”, Comp. Sci.  & Tech., 61, 1189-1223, 2001. 
5. W. G. Potter “Epoxide Resins”, Springer, New York, 1970. 
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 Special applications of epoxy resins are high strength adhesives and 
cementing agents for metal-metal, metal-glass, metal-plastic and various 
other substrates [6]. Phenolic resins have been in commercial use longer than 
any other synthetic polymers. Filled phenolic resins have found engineering 
applications [7]. They are also used as molding components, coatings and 
thermosetting wood adhesives [8]. Modified phenolic resins are being used as 
curing agent for epoxies. Nowadays epoxy and phenolic resins are widely 
used as lamination and hybrid composite applications with different reinforcing 
materials like synthetic fibers e.g. glass fiber, carbon fiber, Kevlar fiber, boron 
fiber, etc., and natural fibers viz: jute, coir, hemp, flex, sisal, bamboo, rice 
husk, wheat husk, palm, banana, pineapple and others. 
 Currently, scientific community all over the world has focused their 
attention on low-cost, lightweight composites by taking natural fibers as 
reinforcing material. Where a high strength is not a priority, such composites 
exhibit desirable physical and chemical properties that include lightweight 
coupled with moderate strength along with the direct ion of reinforcing  
 
 
 
6. R. S. Bouer “Epoxy Resin Chemistry” Advances in chemistry series, 114, American  
Chemical Society, Washington, DC, 1979. 
7. H. Shen and S. Nutt “Mechanical characteristics of short fiber reinforced phenolic 
foams”, Composite part: A, Applied Science & Manufacturing, 34, 899-906, 2003. 
8. Robert G. Schmidt, Charles E. Frazier “Network characterization of phenol-
formaldehyde thermosetting wood adhesive”, International Journal of Adhesion & 
Adhesives, 18, 139-146, 1998. 
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 fibers,dimensional stability, temperature and chemical resistance and 
relative ease of processing [9]. 
 The literature survey on epoxy/phenolic resins based on bisphenols 
revealed that most of the work is confined on bisphenol-A and to some extent 
on bisphenol-C and phenolphthalein. The work to be incorporated in the 
thesis is based on physico-chemical properties of bisphenol-C-formaldehyde 
and epoxy resins of bisphenol-C derivatives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9. D. N. Saheb, J. P. Jog  “Natural fiber polymer composites: a review”, Advances in 
Polymer Technology, 18, 351-363, 1999. 
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A comprehensive summary of the work is sub-divided into nine  
Chapters: 
 
CHAPTER 1: Literature survey on epoxy and phenolic resins of bisphenols 
 
CHAPTER 2: Synthesis of monomers, epoxy resins, phenolic resins and                      
curing agent 
This chapter is further subdivided into four sections: 
Section-I : Synthesis of 1, 1’-bis (3-R, 4-hydroxy phenyl) cyclohexane 
Section-II : Synthesis of epoxy resins of BC and MeBC 
Section-III : Synthesis of bisphenol-C-formaldehyde resin 
Section-IV : Synthesis of curing agent 
 
CHAPTER 3: Characterization of epoxy resins 
This chapter is further subdivided into three sections: 
Section-I : Determination of epoxy equivalent  
Section-II : Curing of epoxy resins 
Section-III : Spectral characterization of cured epoxy resins 
 
CHAPTER 4: Thermal analysis of cured and uncured resins 
 
CHAPTER 5: Preparation of glass fiber reinforced composites 
 
CHAPTER 6: Physico-chemical properties of composites 
This chapter is further subdivided into two sections: 
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Section-I : Mechanical and electrical properties of composites 
Section-II : Chemical resistance of composites 
 
CHAPTER 7: Surface coating of mixed resins on metals 
 
CHAPTER 8: Development of composites based on natural fibers 
 
CHAPTER 9: Comprehensive summary 
 
Chapter 1: Literature survey on epoxy and phenolic resins of bisphenols 
 This chapter of the thesis describes the up to date literature survey on 
synthesis and characterization of epoxy and phenolic resins, and their 
applications in various fields of science. 
 
Chapter 2: Synthesis of monomers, epoxy resins, phenolic resins and            
curing agent  
This chapter is further sub-divided into four sections: 
Section-I: Synthesis of monomers 
Synthesis of 1, 1’-bis (3-R, 4-hydroxy phenyl) cyclohexane 
Synthesis of 1, 1’-bis (3-R, 4-hydroxy phenyl) cyclohexane was 
synthesized by Friedel-Crafts condensation of phenol/o-cresol with 
cyclohexanone by using a mixture of HCl-CH3COOH (2:1 v/v) as a catalyst at 
50-55oC for 4h and were repeatedly recrystallized from benzene/methanol-
water system prior to use.     
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OHOH
R' R'
RR
 
I 
BC: R=R’=H                     MeBC: R=H, R’=CH3 
Section-II: Synthesis of bisphenol-formaldehyde resins 
 Bisphenol-C-formaldehyde resins were synthesized by condensing 
bisphenol-C with formaldehyde by using alkali as a catalyst at 700C for 2h. A 
white crystalline solid was repeatedly purified from methanol-water system 
prior to use.   
OHOH
CH2OH
CH2OHHOH2C
HOH2C
 
II 
 
 
Section-III: Synthesis of epoxy resins of BC and MeBC 
 Epoxy resins (III) of BC and MeBC were synthesized by condensing 
BC/MeBC with epichlorohydrin, isopropanol as a solvent and alkali as a 
catalyst at reflux temperature for 4 1/2h. The resins were isolated by 
distillation of solvent, extracting in chloroform and evaporation. 
                      
OZCH2 CH CH2 O CH2 CH CH2 O OZ CH2 CH CH2
O OOH
n
R R R R
R'R'R'R'
 
       III 
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EBC: R= R’=H and Z = Cyclohexyl 
EMBC: R=CH3 R’= H and Z = Cyclohexyl 
 
Section-IV: Synthesis of curing agent  
 1, 1’-Bis (4-amino phenyl) cyclohexane (DDC) (IV) was synthesized by 
condensing aniline with cyclohexanone using HCl as a catalyst at 150oC for 
4h. DDC was recrystallized repeatedly from benzene-hexane system. 
 
NH2 NH2
 
 
IV 
 
Chapter 3: Characterization of epoxy resins 
 This chapter is further subdivided in to three sections: 
 
Section-I: Determination of epoxy equivalent  
 The epoxy equivalent of resins is determined by pyridine-pyridinium 
chloride method. 
 
Section-II: Curing of epoxy resins 
  The epoxy resins were cured at different temperatures over the 
range from 1500-3600C with the aid of different curing agents viz. BCF, TCP 
(tetrachloro phthalic anhydride), PMDA (pyromellitic dianhydride), DDC (4, 
4’diamino diphenyl cyclohexane), DDM (4, 4’diamino diphenyl methane) of 
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varying proportion (10 to 50% w/w). The solubility of cured resins was 
checked in different solvents. 
Section-III: IR spectral characterization of cured resins  
 Formation of different linkages in the cured resins is supported by IR 
spectral data. 
 
Chapter 4: Thermal analysis of resins 
  Thermal analysis of polymers is important tool in predicting the 
behavior of polymers under varied temperature conditions and also helpful in 
evaluating the strength of various bonds in polymer backbone chain and 
hence the mechanism of the degradation pattern. The physico-chemical 
properties of the cured resins depend upon the degree of curing and the 
extent of cross-linked density. 
 Thermogravimetry can precisely describe the degradation of polymers 
under varying temperature range and atmospheres. The various kinetic 
parameters provide usefulness of the potentially unstable nature of the 
material under investigation. Both DTA and TGA are complimentary of each 
other and combined analysis provides much information about physico-
chemical properties of polymer under temperature range. 
  Thermal analysis (DSC, DTA and TGA) of epoxy resins with 
different curing agents is carried out at a single heating rate in nitrogen 
atmosphere. The thermal stability and kinetics of thermal degradation of 
above mentioned compounds are investigated and discussed in this chapter.
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Chapter 5: Preparation of glass fiber reinforced composites 
 Recently high performance Fiber Reinforced Plastics (FRP) has 
challenged the most conventional materials such as metals, ceramic, glass 
and other engineering materials. Nowadays FRP has replaced steel from its 
dominant role. 
 With the introduction of newer polymer resin matrix materials and high 
performance reinforcement fibers like glass, carbon and aramid, steadily 
expands the uses and volume. 
 Composite materials are formed by the combination of two or more 
materials that retain their respective characteristic properties when combined 
together. They are superior to those of individual constituents.  The main 
constituents of composites are matrix materials i.e. resins and reinforcing 
material (synthetic and natural fibers). 
 This chapter describes the preparation of glass fiber reinforced 
composites of bisphenol-C formaldehyde resin in combination with epoxy 
resin of bisphenol-C. The resin content in the composites is determined 
gravimetrically. 
 
Chapter 6: Physico-chemical properties of composites 
This chapter is further subdivided into two sections 
Section-I: Mechanical and electrical properties of composites 
 Polymeric composites have found their applications in a variety of fields 
because of their superior physico-chemical properties and are cheaper than 
conventional materials. Tensile strength, breakdown voltage, volume 
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resistivity, and dielectric constant of the composites are determined according 
to ASTM methods. The results are discussed in light of related materials. 
 
Section-II: Chemical resistance of composites 
 The composites of the 50x50 mm dimensions were prepared and their 
chemical resistance against alkali, acid, salt and water is determined at 
different time intervals (24h, one week and one month). The results are 
discussed and compared with related materials.  
 
Chapter 7: Surface coating of mixed resins on metals 
 This chapter describes in brief coating application of mixed resins on 
different metal substrates such as copper, tin and mild steel and tested for 
their electrical conductance and water, acid and salt resistance. 
 
Chapter 8: Development of natural fiber reinforced composites 
 Due to occurrence of a wide variety of natural fibers all over the world, 
scientists have focused their attention to develop innovative natural fiber 
composites for various applications. Development of diversified composite 
materials as wood substitute is being considered as attractive solution with a 
view to conserve forest resources.  
 Natural fibers as a substitute for glass fiber in composite components 
have gained interest in the last decade, especially in housing sectors. They 
can be molded into sheets, boards, grating, pellets, frames, structural 
sections, partitions, false ceilings, fences, floorings, roofing, wall tiles and also 
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used as prefabricated housing. The fibers like jute, coir, hemp, flex, sisal, 
bamboo, etc are cheaper and have better stiffness per unit weight and have 
lower impact on the environment.  
 This chapter of the thesis describes the importance and development 
of some natural fiber reinforced composites as well as hybrid composites. 
 
Chapter 9: Comprehensive summary 
Comprehensive summary of the work incorporated in the thesis is described 
in this chapter. 
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CHAPTER – 1 
LITERATURE SURVEY 
ON EPOXY AND 
FORMALDENYDE RESINS 
BASED ON BISPHENOLS 
 
 
 
 
[A] General Introduction 
 Historians frequently classify the early ages of man according to the 
materials that he used for making his implements and other basic 
necessities. The most well known of these periods are the Stone Age, the 
Iron Age and the Bronze Age. 
 From the ancient civilizations of Egypt and Babylonia man was 
employing a range of materials such as stones, woods, ceramics, glasses, 
skins, horns and fibers. Until the 19th century man’s intimate possessions, 
his home, his tools, his furniture, were made from varieties of these 
classes of materials. 
 During last century and a half, two new closely related classes of 
materials have been introduced, which have not only challenged the older 
materials for their well established uses but have also made possible new 
products, which have helped to extend the range of activities of mankind. 
Without two groups of materials, rubber and plastics, it is difficult to 
conceive everyday features of modern life such as the car, telephone, 
television set could ever been developed. 
 The most ancient polymeric material, mentioned in the book of 
‘Genesis’ (chapter-11) described that the builders in the “Babylonia” had a 
brick of stone and slime they had for mortar. 
 In Ancient Egypt mummies were wrapped in a cloth dipped in a 
solution of bitumen in oil of lavender, which was known variously as Syrian 
Asphalt. On exposure to light, the product hardened and became 
insoluble. It would appear that this process involved the action of chemical 
 12 
cross-linking, which in modern times became of great importance in the 
vulcanization of rubber and production of thermosetting plastics.  
 Early records also indicate that cast moldings were prepared from 
shellac by the ancient Indians. In Europe the use of sealing wax based on 
shellac can be traced back to the middle Ages. The first patents for shellac 
moldings were taken out in 1868. 
 The ability of formaldehyde to form resinous substance had been 
observed by chemists in the second half of the 19th century. In 1859 
Butlerov described formaldehyde polymers while in 1872 Adolf Bayer 
reported that phenol and aldehyde react to give resinous substances. In 
1899 Arthur Smith took out British patent 16274, on phenol–aldehyde 
reaction. In due course Leo Hendrik Baekeland discovered techniques of 
controlling and modifying the reaction that useful products could be made. 
The first of his 119 patents on phenol–formaldehyde plastics was taken 
out in 1907 and in 1910; the general Bakelite Company was formed in 
United States. Within a very few years the material had been established 
in many fields, in particular for electrical insulation. 
 Phenolic resin chemistry has been discussed in detail elsewhere [1-
5]. The initial phenol-formaldehyde products may be of two types, 
novolacs and resoles. 
 
Novolacs  
The novolacs are prepared by reacting phenol with formaldehyde in 
a molar ratio of approximately 1:0.8 under acidic conditions. Under these 
conditions, there is a slow reaction of the two reactants to form the o- and 
 13 
p- hydroxymethyl phenols. These materials will then slowly react with 
further formaldehyde to form their own methylol derivatives, which in turn 
rapidly react with further phenol to produce higher polynuclear phenols. 
The novolacs are sometime referred as two stage resins as it is necessary 
to add some curing agents that will enable additional methylene bridge to 
be formed. 
 
CH2 OH
CH2
OH
CH2 OH CH2
OH
OH
 
 
Resoles  
A resole is produced by reaction of phenol with an excess of 
formaldehyde under basic conditions. In this case, the formation of phenol 
– alcohols is rapid but their subsequent condensation is slow. Thus, there  
 
1. A. A. K. Whitehouse, E. G. K.  Pritchett and G. Barnett “Phenolic Resins”, lliffe, 
London, 1967. 
2. P.Robitschek and A. Lewin “Phenolic-Resins”, lliffe, London, 1950. 
3. R. W. Martin “The Chemistry of Phenolic Resins”, John Wiley, New York, 1956. 
4. N. J. L. Megson “Phenolic Resin Chemistry”, Butterworth, London, 1958. 
5. T. S. Carswell  “Phenoplast”, Inter science, New York, 1947. 
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is a tendency for polyalcohols, as well as monoalcohols to be formed. The 
resulting polynuclear polyalcohols are of low molecular weight. Liquid 
resoles have an average of less than two benzene rings per molecules, 
while solid may have only three or four benzene rings per molecule. 
Heating of these resins will result in cross-linking via the uncondensed 
methylol groups or by some complex mechanism. It is also called as one 
stage resin. 
 
OH
CH2OH
CH2
OH
OH
CH2OHCH2 O CH2HOH2C
 
 Today’s technology of epoxy resins had started only by late 1930’s 
and early 1940s, when a number of patents were applied simultaneously 
in U.S.A. and Europe. Special mention may be made of the work carried 
out by Dr. Castan of Switzerland and Dr. Sylvan Greenlee of the United 
States simultaneously around the year 1938, who had patented the first 
epoxy resin out of reaction of epichlorohydrin and bisphenol-A. 
Subsequently, in the early 1940s, CIBA A. G. of Basle took the 
authorization of patent by Greenlee et al. 
 Various types of epoxy resins have been produced: glycidyl ethers, 
glycidylamines, linear aliphatics and cycloaliphatics. However, epoxy resin, 
which is a reaction product of epichlorohydrin and bisphenol-A, is most 
 15 
commonly used epoxy resin today, known as diglycidyl ether of bisphenol-
A (DGEBA): 
CH2 CH CH2
O
CH2 OCHCH2
O
OH
O H HC 2O C OCH2
n
 
C
CH3
CH3
C
CH3
CH3
 
 The resin can be obtained with different degrees of polymerization 
ranging from low viscosity liquids to high melting solids [6] as shown in 
Table 1.1 
 
Table – 1.1: Effect of reactant ratios on molecular weight 
Mol. ratio of 
epichlorohydrin/ 
bisphenol-A 
Softening 
point (0C) 
Molecular Wt. 
Epoxide 
equivalent 
2.0 43 451 314 
1.4 84 791 592 
1.33 90 802 730 
1.25 100 1133 862 
1.2 112 1420 1176 
 
 
 
6.  J. A. Brydson “Plastics Materials” 6th edition, Butterworth Heinemann Ltd., 
Oxford, 1995. 
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 In order to prepare high molecular weight resin and to avoid 
contamination, the epoxy resin can be prepared by two-stage process. 
This involves first the preparation of lower molecular weight polymers with 
a degree of polymerization of about three and then reacted with bisphenol-
A in the presence of a suitable polymerization catalyst such that the 
reaction takes place without evolution of by product [7]. 
The epoxide resins of the glycidyl ether are usually characterized by 
six parameters: 
1) Resin viscosity (of liquid resin) 
2) Epoxide equivalent 
3) Hydroxyl equivalent 
4) Average molecular weight 
5) Melting point (of solid resin) 
6) Heat distortion temperature (of cured resin) 
The epoxy resin can be converted into three dimensional infusible 
network held together by covalent bonds. This conversion from a liquid or 
a friable brittle solid into tough cross-linked polymer is called curing or 
hardening in epoxy technology. Mainly amine hardening and acid 
hardening systems are employed for curing of epoxy resins. 
 
 
 
 
7. H. Lee. and K. Neville “Epoxy Resins in their Application and Technology”, Mc 
Graw-Hill New York, 1957. 
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Mechanism of curing reactions 
(1) Amine hardening system  
Amine hardeners cross-link the epoxide either by a catalytic 
mechanism or by bridging across epoxy molecules. In general, the primary 
and secondary amines act as reactive hardeners whilst the tertiary amines 
are catalytic hardeners. 
CH CH2
O
N
H H
R
CH CH2
O
CH CH2 N CH2 CH
OH OHR
+ +
 
 
 
R3N CH CH2
O
CH CH2
O
R3N CH2 CH
R3N CH2 CH
O
O CH2 CH
O
+
+
+
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2) Acid hardening system 
 The mechanism of anhydride hardening is complex but the first 
stage of reaction is believed to be the opening of the anhydride ring by an 
alcoholic hydroxyl group (or salt or a trace amount of water). 
 
• Reaction of the carboxylic group with the epoxy group 
C
C
O
O
O HOR
C
C
O
OOR
OH
+
 
 
• Etherification of the epoxy group by hydroxyl group 
CH CH2
O
OH O CH2 CH
OH
HCHC +
 
• Reaction of the monoester with hydroxyl group 
 
COOR
COOH
HOR1
COOR
COOR1
+ + H2O
 
The chemistry of most of the curing agents currently used with 
epoxy resins is based on polyaddition reactions that result in coupling as 
 19 
well as cross-linking. The most widely used curing agents are based on 
active-hydrogen compounds such as polyamines, polyacids, 
polymercaptans, polyphenols, etc., undergo polyaddition via the 
compound containing the active hydrogen and the terminal carbon of the 
epoxide group, with a stabilization of the epoxide into a hydroxyl group. 
Many workers have studied the effect of variations in the chemical 
structure of some typical curing agents of this class on cured properties. 
Wynstra [8] has correlated structure of amine hardness with heat distortion 
point and flexural strength. Feltzin et al [9] have correlated a wide range of 
mechanical properties with curing agent structure. Burge and Brown [10] 
as well as Dettoff [11] have studied the effect of curing agent on chemical 
resistance. 
 
Structure and properties of cured resins 
Since the characteristic group of resins largely depends on the type 
of hardening system used. Being cross-linked, the resin will not swollen by 
liquids of similar solubility parameters. The main skeleton of the resins 
themselves has generally good chemical resistance. The thermal 
properties of the resin depend on degree of cross-linking, flexibility of the 
hardener molecule, consequently the rigid structure obtained by using 
 
8. J. Wynstra,  Ind. Eng. Chem., Chem. Eng Data Ser.,  3, 294, 1957. 
9. J. Feltzin, Amer. Chem. Soc., Div., of Org. Coatings and Plastic Chem., Chicago, 
paper No. 44, 1964. 
10. R. E. Burge and B. C. Brown, Mater, Protection, 1, 30, 1962. 
11.  R. L. Dettoff, Corrosion, 17, 83, 1961. 
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cycloaliphatic resins or hardeners such as pyromellitic dianhydride, which 
will raise the HDT of the composition. The resins are somewhat polar and 
this is reflected in the comparatively high dielectric constant and power 
factor for an insulating material. 
 
Field of applications 
Epoxy resins find applications in wide range of fields such as 
electrical and electronics, protective coatings, construction industries, 
composites and in several other household applications. 
 
Electrical and electronics 
In general an epoxy resin based on DGEBA when cured with a 
hardener exhibit excellent electrical properties as shown in a Table 1.2. 
Table 1.2: Typical electrical properties of DGEBA cured resin [12] 
Property      Value 
Dielectric strength     12 KV/mm min 
(3mm thick) 
Dissipation factor    0.003-0.030 
Arc resistance     45-300 sec.  
Volume resistivity    >1014 Ohm-cm 
Surface resistivity    >105 Ohm 
Insulation resistance    >5000 M Ohm 
Dielectric constant    ≈ 3.8 
 
12. D. K. Mukherjee “Polymers and Composites” Recent Trends, Proceedings of 
National Seminars, Oxford & IBH Publishing Co. Pvt. Ltd. p. 205, 1989. 
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The high insulation resistance of this class of resins made it possible for a 
quick entry into electrical and electronic industries. This also facilitated the 
designers to make less bulky and more durable equipments like current 
transformers, potential transformers, electrical bushings, on-load tap 
changers, most type of circuit breaker component including SF6, arc pots, 
capacitors, etc. 
 The techniques involved for the manufacture of such products are 
generally vacuum casting, pressure gelation, vacuum impregnation, 
potting, encapsulation and vacuum pressure impregnation. 
 
Protective coating 
  The importance of protecting the material surface from deterioration 
or destruction by chemical and electrochemical reactions with the 
environment in which the materials are exposed, has gained world wide 
awareness. 
Epoxy resin coating can be broadly classified as 
(a) Solvent based coating 
(b) Solvent less coating 
(c) Powder coating 
 
(a) Solvent based coating 
 The epoxy systems are used by the paint industry to manufacture 
epoxy paints almost like, other conventional paints. There are three basic 
types of such paints, which are mostly used for anticorrosive applications: 
• Air-drying epoxy esters 
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• Two pack amine cured systems 
• Epoxy–phenolic stoving system 
 
(b) Solvent less coating 
 Lower molecular weight epoxy with polyamide or polyamine based 
hardeners can also be used as surface coating materials, where use of 
solvent is not involved. Solvent less coating is advantageous as compared 
to solvent containing paints as it gives a thick coating in single application 
and also due to non-requirement of extensive ventilation to remove the 
solvent. Such coatings are extensively carried out in marine vessels, 
internal and external coatings, steel pipelines, effluent tanks, etc. 
 
(c) Powder coating 
 Powder coating can be applied by fluidized bed (film thickness 
obtained is 50-150 microns) or by electrostatic spray (film thickness 30-40 
microns) and can be cured by lower energy (150 0C). The powder coating 
system competes advantageous against other water borne high solid 
systems. 
 
Construction industry 
 Epoxy systems in the cured form exhibit the following interesting 
characteristics: 
• High compressive and tensile strength 
• High adhesion to any substrate  
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• Resistance against wide range of chemicals 
• Impermeability to water 
• Good abrasion resistance 
• Negligible shrinkage and high dimensional stability 
Civil engineers and architects have found that epoxy system can be 
favorably used for many applications where the conventional materials fall 
short of the performance expectations. Now a days, epoxy system find 
regular usage as 
• Floor toppings 
• Protective coatings 
• Water proofing materials 
• Grouting materials for machinery foundations 
 
Composite applications based on phenolic and epoxy resins 
 These are now commercially available large range of laminating 
plastics materials. Resins used include the phenolics, aminoplasts, 
polyesters, epoxides, silicones and furan resins, whilst reinforcements may 
be of paper, cotton fiber, other organic fibers, asbestos, ceramic fiber, 
carbon and glass fibers. Out of these, the phenolics were the first to 
achieve commercial significance and they are still considerable 
importance. On the other hand, the epoxy laminates are employed mainly 
where an intermediate degree of heat stability is required. They have 
additional advantages in their ease of forming by wet lay-up technique and 
the greater strength of laminates. 
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Table: 1.3 Comparison of materials: Epoxy Vs Phenolic 
 
Property Epoxy Phenolics 
Cure mechanism Resin + Hardener With the action of heat or 
Resin + Hardener 
Self – stability of resin Excellent Poor 
Shrinkage Low  High 
Adhesion to metal Excellent Fair 
Adhesion to wood Good Excellent 
Adhesion to concrete Excellent Poor 
Electrical properties of 
cured laminate  
Excellent Good (Poor arc resistance) 
Cost  Moderate  Low 
 
 Several researchers have reported phenolic and epoxy laminates 
with different reinforcing fibers. 
 Nakanishi and Kawamura [13] have reported glass and paper 
laminates with epoxy and phenolic resins as base matrices. The prepared 
laminates have good heat and impact resistance. 
 Wyderka et al. [14] have fabricated phenolic resin laminates with 
different reinforcing fibers such as ceramic, paper, cotton fabric, glass and 
asbestos. The impregnating solution consisting of alcohol or aqueous 
aldehyde solution of modified phenolic resin and hardener was compressed 
 
13.  Nakanishi, Toshio and Kawamura Hideo (Matasushita Elec. Works Ltd.) Japan, 
Kokai, “Laminates of Resins”, Japan. 78,101,082 (1977); C.A.  90, 39874, 1979. 
14.  Wyderka, Zbighiew, Kubala, Franciszek, Domagala, Lucijan “Phenol Resin 
Laminates”, U.S. 67,045 (1972); C.A. 79, 19800 , 1973. 
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and hardened at 1550C with incorporation of different reinforcing fibers. 
Isovolta and Isollerstoffwerke [15] have fabricated laminates having 
novolac phenolic resin and epoxy resin based on bisphenol – A. Both the 
resins were mixed in equimolar proportions and reinforced with glass-
fabric. A typical composition was heat hardenable at ≥1000C to give 
electrical insulating materials. 
Ray et al. [16] have studied impact fatigue behavior of vinyl ester 
resin matrix based on epoxy resins and their jute fiber composites. The 
flexural strength properties of the composites made from treated fibre were 
superior. 4h alkali treated jute fibers gave optimum combination of 
interfacial bonding and fibre strength properties. On the contrary, the 
composite reinforced with 8h alkali treated fibers displayed superior impact 
fatigue properties. 
Cichocki and Thomason [17] have studied structure property relation in 
composite systems by thermo-elastic anisotropy study. A dynamic 
mechanical and thermal mechanical techniques have been employed to 
measure the elastic and thermal expansion characteristics of a jute fiber 
as a model composite system. 
 
15.  Isovolta Oestrerreichiches, Isollerstoffwerke A.G. ”Heat hardenable plastic 
material mixture”, U.S. 2,279,782(1974); C.A.  85, 144142, 1976. 
16.  D. Ray, B. K. Sarkar and N. R. Bose “Impact fatigue behavior of vinyl ester resin 
matrix composite reinforced with alkali treated jute fibers”, Composite: Part A, 33, 
233-241, 2002. 
17.  F. R. Cichocki Jr, I. L. Thomason  “Thermo elastic anisotropy of a natural fiber”, 
Comp. Sci. and Tech., 62, 669-678, 2002. 
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Davis Williams [18] has prepared electrical laminates from low 
molecular weight epoxy resin with a dihydric phenolic compound in the 
presence of quaternary ammonium hydroxide catalyst. 
 
[B] LITERATURE SURVEY ON BISPHENOLS 
 Bisphenols are the important constituent or intermediates in 
dyes, drugs, paint and varnish, coating, pesticides, plasticizers, fertilizers, 
bactericides and in other applications. They are widely applied in 
manufacturing thermally stable polymers, epoxy resins and polyester 
resins. 
Farbenind [19, 20] has studied the condensation of phenols and 
ketones in the presence of acetic acid, hydrochloric acid at 50oC and also 
reported the melting points of 1,1’-bis(4-hydroxy phenyl) cyclohexane 
(186oC). 1,1’-bis(3-methyl-4-hydroxyphenyl) cyclohexane (186oC) and  
1,1’-bis(4-hydroxy phenyl)-4-methyl cyclohexane (179oC). The products 
are useful as intermediates for dyes and drugs. 
 
 
 
 
18.  Davis Williams (Dow Chemicals Co.) “Resin impregnated substrates for use in 
preparing electrical laminates”, U.S. 4,168,331 (1979); C.A.  92, 23850, 1980. 
19. I. G. Farbenind “Condensation of ketones with phenols”, Fr. 647,454; C.A. 23, 
2540, 1929. 
20. I. G. Farbenind; Ger. 467,728 (1927); C.A. 23, 1929. 
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 McGreal et al. [21] have reported the condensation of ketones (0.5 
mol) and phenols (1.0 mol) in acetic acid. The solutions were saturated 
with dry HCl for 3-4 h and the mixture was kept up to 4 weeks until the 
mass crystallized. The yields with aliphatic and aromatic ketones were 10-
25% and with cyclic ketones 50-80%. They have also proposed the 
following mechanism: 
 1.    The addition of phenol to ketone 
PhOH + R2CO → R2C(OH)C6H4OH 
 2.    R2C(OH)C6H4OH + PhOH  →  R2C(C6H4OH)2 + H2O 
Johnson and Musell [22,23] have reported synthesis of 1,1’-bis(4-
hydroxy-phenyl) cyclohexane (I) by using 5 mol of phenol, 1 mol of  
cyclohexanone, H2S or BuSH below 40oC with 0.1-0.3 mol. dry HCl gave I 
m.p. 186-87oC; 2 Me-I, 236-40oC; 4-Me-I 178oC; 1,1’-bis(4-hydroxy-3-
methyl phenyl) cyclohexane m.p. 187oC and 1,1’-bis(4-hydroxy-3-isopropyl 
phenyl) cyclohexane, m.p. 109-111.5oC. Mash containing small quantities 
of bisphenol (I) protect chickens from coccidiosis better than does a 
sulfaguanidine. They have also reported that coccidial infection in poultry 
may be suppressed by feeding a bisphenol (p-HO (C6H4)2 – C-RR’) in 
which R’ is a phenyl or alkyl, R is H or alkyl.  
 
21. M. E. McGreal, V. Niendert and J. B. Niedert “Condensation of ketones with 
phenols”, C.A. 33, 2130, 1939. 
22. J. E. Johnson and D. R. Musell “Bis(hydroxy phenyl) cyclohexane compositions”, 
U.S. 2,538,725 (1951); C.A. 45, 4412, 1951. 
23. J. E. Johnson and D. R. Musell “Diphenol compound composition for coccidiosis”, 
U.S. 2,535,014 (1950); C.A. 45, 2635, 1951. 
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Bender et al. [24] have reported preparation of various bisphenols 
by reacting phenol, NaOH and acetone. The mixture was refluxed for 16 h 
and acidified to pH 2-3 with 6N HCl. The yield was 47.5%. Similarly they 
have also synthesized 1,1’-bis(4-hydroxy phenyl) cyclohexane (m.p. 134-
41oC). 
Bender et al. [25] have reported the preparation of bisphenols by 
irradiating a mixture of ketone and phenol at 20-1000C with β-rays or ultra 
violet in the presence of 37% aq. HCl or 70% aq. H2SO4 as condensing 
agent and stirring at 30-370C. 1, 1’-Bis (4-hydroxy phenyl) cyclohexane 
(m.p. 186-90C) was obtained in 93% yield from 1 mol cyclohexanone and 4 
mol phenol. 
Farben fabriken [26] has reported the preparation of 4, 4’-dihydroxy 
diphenyl cyclohexane (m.p. 186oC) by using cyclohexanone (78 kg) and 
excess phenol (400 kg) in the presence of 38% HCl (80 kg) as a catalyst 
at room temperature for 6 days. 
Farnham et al [27] have reported condensation of ketone with a 
methyl group in α -position to the CO group such as acetone, PhCOMe or 
cyclohexanone with an excess of phenol like phenol itself, o-cresol and o- 
 
24. H. L. Bender, L. B. Conte and F. N. Apel “Bisphenols”, U.S. 2,858,342 (1958); 
C.A. 53, 6165, 1959. 
25. H. L. Bender, L. B. Conte and F. N. Apel “Diphenol compound composition for 
coccidiosis control”, U.S. 936,272 (1960); C.A. 45, 2635, 1951. 
26. Farbenfabriken “Bisphenols”, Ger. 1,031,788 (1958); C.A. 54, 19,604, 1960. 
27. A. G. Farnham, F. N. Apel and H. L. Bender ”Bisphenols”, Ger. 1,242,237 (1967); 
C.A. 68, 59, 262, 1968. 
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chlorophenol (ratio 1.3-2.0) with a fee p-position at 40-100oC in the 
presence of an insoluble anhydrous sulfonated cation exchange resin. 
 Freudewald et al. [28] have reported the condensation of phenol 
(940 g) with cyclohexanone (98 g) in the presence of 2 g EtSH and 
anhydrous HCl (4.7 g) and heating at 70oC in closed system for 3 h to give 
97% yield of 1,1’-bis(4-hydroxy phenyl) cyclohexane. 
 Rao et al. [29] have reported a convenient method for the 
preparation of bisphenols. Cyclohexanone was treated with PhOH at 40oC 
and with o-cresol at room temperature in the presence of HCl and AcOH to 
give 1,1’-bis(4-hydroxy phenyl) cyclohexane and 1,1’- bis(3-methyl-4-
hydroxy phenyl) cyclohexane, respectively. 
 Garchar et al [30-33] have studied optimization reaction conditions 
for synthesis of 1, 1’-bis(R,R’-4-hydroxy phenyl) cyclohexane by condensing 
 
28. Freudewald, E. Joachim, Konarad and M. Frederic “p-Phenylphenol”, Fr. 
1,537,574 (1968); C.A. 71, 21,868, 1969. 
29.  M. V. Rao, A. J. Rojivadiya, P. H. Parsania and H. H. Parekh “Convenient method 
for the preparation of the bisphenols”, J. Indian Chem. Soc., 64, 758-9, 1987. 
30. H. H. Garchar, H. N. Shukla and P. H. Parsania “Kinetics of formation of 1,1’-
bis(3-methyl-4-hydroxy phenyl)cyclohexane”, Ind. Acad. Sci.-Chem. Sci. 103,149-
153, 1991. 
31. H. H. Garchar, S. H. Kalola and P. H. Parsania ”Synthesis and evaluation of 
bisphenol-C and its derivatives as potential antimicrobial and antifungal agents”, 
Asian Journal of Chemistry, 5,340-347, 1993. 
32. H. H. Garchar and P.H.Parsania “Optimization reaction conditions for synthesis of 
1, 1’-bis (3,5-dimethyl-4-hydroxy phenyl) cyclohexane”, Asian Journal of 
Chemistry, 6, 87-91, 1994. 
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cyclohexanone (0.05 mol) and phenol, o-cresol, and 2,6-dimethyl phenol 
(0.1 mol) in the presence of varying mixture of hydrochloric acid and acetic 
acid (2:1 v/v) at four different temperatures : 40o, 50o, 60o and 70oC. They 
have reported optimum catalyst concentration (10-15 ml), time (30-90 min) 
and temperature (55-70oC) for obtaining yields greater than 80%. They 
have also synthesized chloro, bromo and nitro derivatives and screened 
for their potential antimicrobial and antifungal activity against different 
microbes. Some of these compounds are significantly found active against 
B. subtilis, S. pyogens and A. niger. The nitro compounds are found to be 
the most active antifungal agents.  
 
[C] Literature survey on epoxy and formaldehyde resins 
Epoxy and phenolic resins are the most versatile class of 
contemporary plastics. Due to tendency of undergoing variety of chemical 
reactions, both resins became material of choice for researcher for several 
years. By the help of reactions like co-polymerization, chain extension by 
reactive diluents, side chain modification, incorporation of variety of fillers 
and structure modifiers, the resin structure can be modified. The 
capabilities of undergoing vast chemical reactions, of the resins the desire 
properties can be achieved. 
 
33. H. H. Garchar and P.H.Parsania “Optimization reaction conditions for synthesis of 
1, 1’-bis(4-hydroxy phenyl) cyclohexane”, Asian Journal of Chemistry, 6, 135-137, 
1994. 
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 The broad interest in epoxy resins originates from the extremely 
wide variety of chemical reactions that can be used for the curing and the 
many different properties that result. The chemistry is unique among the 
thermosetting resins. In contrast to the formaldehyde resins, no volatiles 
are given off during cure. Both epoxy and phenolics are individually 
superior in their respective fields. Epoxy is best for laminates in 
combination with glass fibre to achieve excellent electrical insulators, while 
phenolics are best with wood based cheap composites due to excellent 
adhesion with cellulosic materials.  
 The commercial interest in epoxide resins was first made apparent 
by the publication of German patent 676 117 by I. G. Farben in 1939, 
which described liquid poly epoxides. In 1943 P. Casten filed US patent 
2324483 covering the curing of the resins with dibasic acids. The Ciba 
Company subsequently exploited this important process. A later patent of 
Casten (US patent 2444333) covered the hardening of epoxide resins with 
alkaline catalyst used in the range 0.1–5 %. This patent, however, became 
of somewhat restricted value as the important amine hardeners are usually 
used in quantities higher than 5%. 
 In the early stage of their development, epoxy resins were used 
almost entirely for surface coating. The developments in this field are due 
to the research work of S. O. Greenlee and described in a number of 
patents. These include work on the modification of epoxy resins with 
glycerol, the esterification with drying oil acids and reaction with phenolic 
and amino resins.  
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 Wolfram and Jhan [34] have prepared phenolic composition, which 
is suitable for molding compositions. They have proposed the formation of 
resinous condensation product by reacting phenol or cresol with CH2O in 
the presence of strong acid or base as a catalyst. 
 Greenlee [35] has prepared the rapid drying composition from 
diphenols and epichlorohydrin and esterified this product with Tall–oil. 
 Chemie Produkte [36] has reported the sealing composition for pipe 
joints and building materials. A typical composition consists of a mixture of 
an epoxy resin, a hardener and tar, which polymerized rapidly. 
Lederman (Midland Chemical Corp.) [37] has reported varnish 
based on bisphenols. A wrinkle varnish or base comprising a blend of 
tung-oil varnish and fish-oil varnish is described. It gives a fine texture 
wrinkle finish with good toughness and flexibility. 
 Petri et al. [38] have prepared epoxy resin foams from aqueous 
dispersions. A epoxy resin based on bisphenol-A, benzsulfohydrazide, 
dipropylene triamine were dispersed in water by 2, 3-dibromopropyl phosphate 
 
34. A. Wolfram and H. Jhan “Synthetic resins suitable for various uses”, U.S. 
2,322,990 (1943); C.A. 38, 185, 1944. 
35. S. O. Greenlee “Tall-oil esters”, U.S. 2,493,486 (1949) C.A. 44 2770, 1950. 
36. Chemie Produkte  “Epoxy resins/containing sealing compositions”, Ger. 
1,020,140 (1957) C.A. 54, 179704, 1957. 
37. B. E. Lederman (Midland Chemical Co.) ”Bisphenol-modified wrinkle varnish”, U. 
S. 2,853,458 (1958); C.A. 53, 1779, 1959. 
38.  R. Petri, H. Reinhard and L. Keller  “Epoxy resin foams from aqueous 
dispersions” Ger. 1,080,774 (1960) C.A. 55, 14982, 1961. 
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as dispersing medium. Rigid foam was obtained by this composition, 
which is suitable for architectural uses.    
 CIBA Ltd. [39] has reported coating composition for floors, roofs, 
walks and walls based on bisphenol–A epoxy resin. The composition was 
room temperature hardenable having quartz sand, epoxy resin, dibutyl 
phthalate together with triethylene tetramine. 
 This composition has consistency of mortar and a pot life of 2.0 – 
2.5h. It is spread on a concrete floor to a depth of 4mm. Hardening 
required 24-48h. The composition shows excellent adhesion in non-
cracking and is highly resistance to chemical. 
 Union Carbide Co. [40] has reported curing of polyepoxides with 
liquid glycol diamines (H2N (CH2)3 O (CnH2nO)x (CH2)3NH2) (I), where n is 
2-5 and x is 1-11. The cured compounds have excellent impact strength 
and flexibility and are stable as protective coatings. 
Thus, 100 g of diglycidyl ether of 2,2’-bis(p-hydroxy-phenyl) 
propane was mixed with 29.4 g stoichiometric amount of H2N (CH2)3O 
(CH2CH2O)2(CH2)3NH2 for 5 min. The mixture was applied on cold-rolled 
steel and was cured by storing 7 days at room temperature. 
E. I. Dupont de Nemours & Co. [41] has reported highly cross linked 
coatings by reacting epoxy resins with pyromellitic dianhydride. Thus, the 
39.  CIBA Ltd. “Epoxy resin containing coatings”, Brit. 883,521, 1961 C.A. 56 11746, 
1962. 
40.  Union Carbide Co. (by Norman H. Reinking.) “Liquid glycol diamine curing agent 
for polyepoxides”, Brit. 904,403 (1962) C.A. 58, 1643,1963. 
41. E. I. Dupont de Nemours & Co. “Epoxy resin coating composition”, Brit. 
904,397(1962); C.A. 58, 8142, 1963. 
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powder mixture of epoxy resins and pyromellitic dianhydride are applied to 
various metals by the fluidized bed technique. 
 Minnesta Mining and Manufacturing Co. [42] has synthesized 
flexible adhesive film having honeycomb structure. Thus, an epoxy resin 
mixture (I) was prepared by heating 100 parts of glycidyl ether of bisphenol 
– A to 1210C, adding 2-parts fine SiO2 and stirring at 1490 for 10-20 min. A 
mixture of 145 parts isophthaloyl dihydrazide, 10 parts MgO and 1 part 
dimethyl dioctadecyl ammonium bentonite was added to epoxy mixture at 
1040 C and the resulting mixture was milled at 770C to complete 
dispersion. 
 Dynamit-Nobel A. G-, [43] has fabricated composite containing 
phenol-formaldehyde and epoxy resin copolymer as a matrix and glass 
cloth as a reinforcing medium. 
 The phenolic resin was a novolac containing seven phenol nuclei 
per mol., while the epoxy resin is prepared by treating a novolac 
containing four phenol nuclei per molecule with an excess of 
epichlorohydrin at 1000 in the presence of one mol. NaOH per mole 
phenolic –OH groups and distilled off excess H2O and epichlorohydrin. To 
make 1 mm thick sheet, 4  glass-impregnated plates are pressed together 
for 15 min at 1750 and 100 kg/cm2. Such a sheet shows high resistance to 
bending and good hardness in heat. 
 
42.  Minnesta Mining and Manufacturing Co. “Flexible adhesive film”, Ger. 1,100,213 
(1961); C.A. 58, 11551, 1963. 
43 Dynamit Nobel A. – G., (by Eugen Kuhr.) “Phenol-formaldehyde and epoxy resin 
containing parts”. Ger. 1,184,496 (1961); C.A. 62, 1965. 
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 Mosanto Chemical Co. [44] has reported thermosetting composition 
having a storage life of 1 year or more at ≤ 400C and cured at 3000F 
without addition of catalyst and are useful in coatings, molding 
composition, laminates, adhesive, etc. The cured coating films have good 
adhesion to primed and unprimed metals, high hardness, good gloss and 
excellent resistance to solvents, alkali and stains. The composition 
consists of an intimate mixture of an acrylic acid terpolymer and an epoxy 
compound e.g. poly glycidyl ethers of polyhydric phenols. 
 Bremmer [45] has synthesized flame-retardant epoxy resin. In a 
typical composition tetra bromo bisphenol-A was added to bisphenol-A 
diglycidyl ether (epoxide equivalent 186) at 700 under an N2 atmosphere 
with stirring. The composition was cured by triethyl amine. 
 Saint-Gobain Company [46] has reported binders based on epoxy- 
phenol system. In typical composition, one mol. PhOH was mixed with 2.3 
moles 36% aq. HCHO and heated at 450 for 30 min. A 47% aqueous  
NaOH solution was added gradually, the  temperature raised to 700 during 
15 min and maintained until the concentration of free HCHO was 8% and 
0.25 mole epichlorohydrin (II) was added. The mixture kept for few 
minutes and neutralized with 25% H2SO4. The products have good tensile 
 
44. Mosanto Chemical Co. “Thermosetting resin composition”, Brit. 1,006,779 (1965); 
C.A. 64, 888, 1966. 
45. Bart. J .Bremmer (Dow Chemicals Co.) “Flame retardant epoxy resin”, U.S. 3, 
294,742 (1966); C.A. 66, 38487, 1967. 
46. Saint-Gobain Company ”Epoxy-phenol resin”, Fr. 1,467,840 (1966); C.A. 67, 
109261,1967. 
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strength and heat, ageing and alkali resistance. 
 Okhtinsk Chemical combine, U.S.S.R. [47] has synthesized epoxy-
phenolic resin consisting reaction product of bisphenol-A with HCHO in the 
presence of an alkali in the ratio 1:2:1 at room temperature, and the 
reaction was further reacted with 10 moles epichlorohydrin. The resulting 
resin has increased thermal resistance. 
 Hughes et al. [48] have reported resin from bisphenol, HCHO and a 
spaced polyphenols. Synthetic resins were prepared by treating HCHO 
with bisphenol and a spaced polyphenol with the structure I, where x, y 
and z are independent integral from 12 to 30. 
 
OH OH OH OH
(I)
(CH2)x (CH2)y (CH2)z
 
 The resins are suitable for coating metal, plastic, wood or paper 
substrates. The product dried is a hard, glossy flexible film when spread 
on a sheet metal and baked for 10 min at 4000F. 
   
 
47.  Okhtinsk Chemical combine “Epoxy resins” U.S.S.R. 195,099 (1966); C.A. 68, 
69721, 1968. 
48.  Hughes, K. George, Coder William D, I. Glaser Jr. and A. Milton “Resin form 
bisphenol, HCHO and spaced polyphenol” U.S. 3,390,128 (1965); C.A.  69, 
37218, 1968. 
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Arndt Karl [49] has reported phenol-HCHO resins for building 
materials. A typical material composed of phenol-HCHO resin 
precondensate, acid hardener, an ethylene glycol, BuOH or terpineol 
ester, mineral filler [such as CaO, Ca(OH)2 CaSO4 or Ca(CO3)2] and an 
additive such as sand were suitable for use as building material. 
 Taft [50] has reported new polymeric coating agents with improved  
properties. Such composition consists a reaction product of hydroxy or 
epoxy containing compound capped with the bisphenol acid, 4-4’-bis (4-
hydroxy phenyl) valeric acid (I) with a poly isocyanate and cross linked 
with an amine. 
OH OHC
Me
CH2
CH2HOOC
(I)  
 Thus (I) reacts with 1,6 hexanediol and the reaction product was 
treated with Mondur HC (polyisocyanate) to give a composition, which was 
sprayed to a 10-75 µ thick film on glass, metal or wood and cured for 5-15 
sec in a triethylamine. 
    
 
 
49.  Arndt Karl “Phenol-HCHO resins for building materials” Ger. 1,544,609 (1965); 
 C.A. 73, 4516, 1970. 
50.  Taft David D. (Ashland Oil Inc.) “Polymeric coating agents” U.S. 2,203,594 
(1971); C.A. 77, 154099, 1972. 
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Asahi [51] has formulated epoxy resin composition hardened by 
phenol-blocked phenol-polyamine–aldehyde reaction products act as 
curing agents for epoxy resins at low temperature (0-50 C). 
OH
CH2 NH CH2 CH2 NH2
CH2 NH CH2 CH2 NH2
NHCH2CH2NH2 CH2
(I)  
 On heating 200g (2, 4, 6-tris [(2-amino ethyl) amino] methyl phenol) 
(I) and 50 g nonyl phenol for 1h at 660C gave the blocked curing agent. A 
mixture of this composition 30, bisphenol–A–epichlorohydrin co polymer 
(epoxy equivalent ∼190) and 2, 2-bis (o-hydroxy phenyl) propane-
propylene oxide copolymer (epoxide equivalent ∼ 345) were cooked 
together. The composition has self-life of about 4 h and 70 min at 00C. 
 Hairston and Gestling [52] have prepared solid epoxy–novolac 
resin. A typical composition consists PhOH–HCHO novolac (functionality 
2.13 – 2.31, -OH equivalent ∼ 100) was combined with 2.2 – 2.5 times its 
weight of epoxy–novolak of the same functionality and epoxy equivalent ∼ 
164 to provide powder coating resins. Thus, 454 g novolac of 2.13 
functionality was heated at 110-600C with 1 kg PhOH-HCHO novolac- epoxy 
 
51. Asahi Denka Kogyo “Hardenable epoxy resin composition”, Japan 2,126,179 
(1972); C.A. 78, 137425, 1973. 
52. T. J. Hairston and P. P. Gestling (Dow Chemical Co.) “Solid epoxy-novolac resin” 
Ger. 2,434,797 C.A. 82, 172718, 1975. 
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derivative of functionality 2.15 in the presence of tetra butyl phosphonium 
acetate-HOAc, resulting in a 2060C exotherms. The product was heated at 
1700C for 3h to provide solid resin, which was incorporated into coating 
formulations. 
 Isovolta [53] has prepared heat hardenable plastic material by 
reacting novolac phenolic resin with epoxy resins based on bisphenol-A. 
The composition was optionally reinforced with glass-fiber and cross linked 
at ≥1000 to give electrical insulating material. 
 Danier and Liber [54] have evaluated properties of boron-epoxy, 
graphite-epoxy, S-glass-epoxy and Kevlar-epoxy composites. They have 
measured and tested properties like longitudinal, transverse and 
interlaminar (in-plane) shear properties. 
 Societa Italiana Resins [55] has successfully combined unsaturated 
polyester, novolac modified with epichlorohydrin and liquid epoxy resin 
curable composition. It consists of 100 parts unsaturated polyester, 5-15 
parts PVC, 10-20 parts epichlorohydrin – treated novolac phenolic resins 
(epoxy functional group ≥ 2), liquid epoxy resins and 1-2 phr organic 
peroxides. The glass – fiber reinforced composite was fabricated using 
compression molding. The cured product has barcol hardness 42, linear 
 
53. Isovolta Oestrerreichiches “Heat-hardenable plastic material”, Fr. 2,279,782 
(1974); C.A. 85, 144142, 1976. 
54.  I. M. Danier and T. Liber “Strain rate effects on mechanical properties of fiber 
composites”, Sci. Tech. Aerosp. Rep. 15 (2) (1977); C.A. 86, 122452, 1977. 
55.  Societa Italiana Resins Japan “Curable unsaturated polyester resins” Japan 
7,841,391(1976); C.A. 89, 111400, 1978. 
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shrinkage 0.18% and bending strength 900 kg/cm2. 
 Tobukuro et al. [56] have reported fire-resistant epoxy resin 
compositions. A brominated bisphenol – A – diglycidyl ether i.e. N,N,N’,N’ 
tetra glycidyl bis (aminophenyl) methane (I) or its condensate, urethane 
modified epoxy resin and MeNCONHMe, dissolved  in MEK-MeOH and 
impregnated into carbon fiber and dried at 1200 for 5 min to give prepregs. 
12-ply prepregs overlay was pressed at 1200C under 7 kg/cm2 pressure for 
1h and cured at 1500C for 4h to give a self-extinguishing composite. 
 Davis William [57] has fabricated electrical laminates from epoxy 
resin and dihydric phenolic compounds. A typical composition was 
formulated by reaction product of epoxy resin having low epoxy equivalent 
and dihydric phenolic compound in the presence of quaternary ammonium 
hydroxide catalyst. Thus, bisphenol–A–diglycidyl ether-tetra bromo 
bisphenol–A copolymer prepared in the presence of tetra methyl 
ammonium hydroxide catalyst. Glass-cloths were impregnated in resin 
solution and composite was fabricated. 
 Vikram Sarabhai Space Center [58] has reported phenolic resin 
prepared by treating HCHO with bisphenol / cardanol mixture in the 
presence of basic catalyst. 
56. Tobukuro, Kuniaki, Sato, Tadahide, Nagasaki, Sumiko (Toray Industries Inc.) 
“Fire-resistant epoxy resin compositions”, Japan Kokai Tokkoyo Koho, Jp. 79, 74, 
899 (1977); C.A. 91, 15682, 1979. 
57. Davis, William (Dow Chemical Co.) “Resin impregnated substrates for use in 
preparing electrical laminates”, U.S. 4,168,331 (1979); C.A., 92, 23850, 1980. 
58. Vikram Sarabhai Space Center “Phenolic resins”, Ind. 137,274 (1973); C.A. 92, 
59687, 1980. 
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Tanaka et al. [59] have reported carbon fiber prepregs based on 
epoxy resins. Resin composition containing mixture of >50% novolac 
epoxy resins and bisphenol-A type epoxy resin 100, dicyandiamide (0.5-6) 
and 3-(3,4-dichlorophenyl)-1,1-dimethyl urea (II) 0.5-6 parts were used to 
prepare prepregs having a good pot life and low temperature curing 
properties. Composite prepared from the prepregs had good interlaminar 
shear strength. 
 Kandola et al. [60] have developed flame retardant glass-reinforced 
epoxy composites. In a typical formulation, commercially available epoxy 
resin, a phosphate based intumescent and flame retardant cellulosic (Visil, 
Sateri) and phenol formaldehyde (kynol) fibers were used. The thermal 
stability, char formation and flammability properties of these novel 
structures were studied by thermal analysis, limiting oxygen index and 
cone calorimetry. 
 Jovan Mijovic [61] has investigated the cure kinetics of epoxides. In 
his study, the formulations were composed of tetraglycidyl 4,4’- 
diaminodiphenyl methane (TGDDM) epoxy resin and diamino diphenyl  
 
59. Tanaka, Takayuki, Minamizawa, Takehsi, Matsomoto, Yoshiyasn “Epoxy resin 
compositions for carbon fiber prepregs” Japan Kokai Tokkyo Koho Jp. 80, 16,056 
(1979); C.A., 93, 27299, 1980. 
60. B. K. Kandola, A. Richard H. P. Myler and D. Blair “New development in flame 
retardancy of glass – reinforced epoxy composites”, J. Appl. Polym. Sci., 88, 
2511 –2521, 2003. 
61. Jovan Mijovic “Cure kinetics of neat vs reinforced epoxies”, J. Appl, Polym. Sci., 
31, 1177-1187, 2003. 
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sulfone (DDS). Glass was used as reinforcement. A series of DSC 
thermograms were run and analyzed by the proposed autocatalytic kinetic 
model.  
Patel and Patel [62] have reported mechanical and dielectrical 
properties and chemical resistance of glass fiber reinforced epoxy 
composites. The title composites were prepared from tetra glycidyl 
diamino diphenyl methane (TGDDM) and tetra glycidyl bis (o-toluidino)-
methane (TGMBT) as matrix resins and were cured by various amines like 
DDM, DDS and DETA. The composites prepared using an epoxy fortifier 
(20phr) showed significant improvement in the mechanical properties. 
 Liu et al. [63] have reported combination of epoxy and novolac 
resins. In a typical study, a novel phosphorus-containing aralkyl novolac 
(Ar-DOPO-N) was prepared from the reaction of 9, 10- dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide(DOPO) first with terephthaldicarbox-
aldehyde and subsequently with phenol. The Ar-DOPO-N blended with 
novolac and used as a curing agent for o-cresol formaldehyde novolac 
epoxy, resulting in cured epoxy resins with various phosphorus contents. 
The epoxy resins exhibited high glass-transition temperatures (159-
1170C), good thermal stability (>3200C). 
  
 
62 S. R. Patel and R. G. Patel “Glass fiber reinforced epoxy composites“, 
Angewandte Makromolekulare Chemie, 197, 141-147, 2003. 
63 Y. L. Liu, C. Shao Wu, K. Y. Hsu, T. C. Chang “Flame retardant epoxy resins 
from o-cresol novolac epoxy cured with a phosphorus containing alkyl novolac,” 
J. Polym. Sci. Part A: Polym. Chem. 40, 2329-2339, 2002. 
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Carter et al. [64] have developed low temperature curing system. 
Epoxy resins were modified by such low temperature cure (LTC) resin 
system and can be used for aerospace composites. 
 Abraham and Mcllhagger [65] have reported the cure monitoring of 
glass fiber epoxy composites by dielectric response using parallel plate 
arrangement. Parallel plate arrangements provide the possibility of 
obtaining an average state of cure throughout the composite thickness 
without the addition of the sensor within the composite structure. 
 Tcharkhtchi et al. [66] have investigated the chemiluminescence of 
anhydride cured epoxy networks. The chemiluminescence of three epoxy 
networks based on diglycidyl ether of bisphenol-A (DGEBA) cured with 
phthalic anhydride (PA), hexahydro phthalic anhydride (HHPA), and 
methyl tetra hydrophthalic anhydride (MTHPA) was studied in 180-2400C 
range. 
 Finzel et al. [67] have reported the effect of stoichiometry and diffusion 
64. J.T. Carter, G. T. Emmerson, C.Lo. Faro, P. T. Mc Gral and D. R. Moore “The 
development of a low temperature cure modified epoxy resin system for 
aerospace composite”, Composite Part A, 34, 83-91 2003. 
65. D. Abraham and R. Mcllhagger “ Glass fibre epoxy composite cure monitoring 
using parallel plate dielectric analysis in comparison with thermal and mechanical 
testing techniques”, Composite Part A, 29, 811-819, 1998. 
66. A. Tcharkhtchi, L. Audouin and J. Verdu “Chemiluminescence of anhydride cured 
epoxy networks: Influence of the anhydride structure”, J. Polym. Sci. Part A, 31, 
683-690, 2003. 
67. M. C. Finzel, J. Delong and M. C. Hawley “Effect of stoichiometric and diffusion 
on an epoxy/amine reaction mechanism”, J. Polym. Sci. Part A, 33, 673-689, 
2003. 
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on an epoxy / amine reaction mechanism. In a typical study, the bulk 
phase kinetics of an epoxy (DGEBA) / amine (DDS) thermoset have been 
studied using DSC, FT-IR and 13C-NMR spectra. 
Mathew et al. [68] have characterized the reactive blends of 
bisphenol-A-dicyanate (BACY) and a novolac epoxy resin (EPN) for their 
cure behavior, mechanical, thermal and physical properties of the co-cured 
neat resin and glass composites. 
 He et al. [69] have evaluated the curing agents for epoxy resins. 
The furfuryl amine (FA), tetra hydro furfuryl amine (THFA) and 5, 5’-
methylene bis-2-furanmethanamine (DFA) were studied as possible epoxy 
curing agents. 
 
 
 
 
 
 
 
 
 
 
68. D. Mathew, C. P. Reghunadhan Nair and K. H. Ninan “Bisphenol-A dicyanate – 
novolac epoxy blend: Cure characteristics, physical and mechanical properties 
and application in composites”, J. Pure and Applied Polym. Sci. 74, 1675-1685, 
1999. 
69. X. He, A. H. Conner and J. A. Koutsky “Evaluation of furfuryl amines as curing 
agents for epoxy resins”, J. Polym. Sci. Part A, 30, 533-542, 2003. 
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CHAPTER – 2 
SYNTHESIS OF MONOMERS, 
EPOXY RESINS, 
PHENOLIC RESIN AND CURING 
AGENT 
 
 
 
 
 
This chapter of the thesis is sub divided into four sections: 
SESTION – I: SYNTHESIS OF 1, 1’- BIS (3-R, 4-HYDROXY   
   PHENYL) CYCLOHEXANE 
 SECTION – II: SYNTHESIS OF EPOXY RESINS OF BC   
   AND MeBC 
SECTION – III: SYNTHESIS OF BIS PHENOL-C-FORMALDEHYDE 
RESIN 
SECTION-IV:       SYNTHESIS OF CURING AGENT   
  
 All the chemicals and solvents used were L.R. grade and were purified 
prior to use. 
 
SECTION – 1: SYNTHESIS OF 1, 1’ –BIS (3-R, 4-HYDROXY   
   PHENYL) CYCLOHEXANE        
  
  1,1’-Bis(4-hydroxy phenyl) cyclohexane (BC) and 1,1’-bis(3-
methyl-4-hydroxy phenyl) cyclohexane (MeBC) of general structure (I) were 
synthesized according to the reported methods [1-2]. 
 Thus, cyclohexanone (0.5 mol, 49 g) was treated with phenol / o-cresol 
(1.0 mol, 94/108 g) in the presence of mixture of HCl:CH3COOH (2:1 v/v, 
100:50 ml) as a Friedel-Craft catalyst at 55oC for 4 h. The pink colored 
product was filtered, washed well with boiling water and treated with 2N NaOH 
 
1. M. V. Rao, A. J. Rojivadia, P. H. Parsania and H. H. Parekh, J. Ind. Chem. Soc., 4, 
458-9, 1987. 
2. H. H. Garchar, H. N. Shukla and P. H. Parsania, Ind. Acad., Sci.-Chem. Sci., 103, 
149-153, 1991. 
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solution. The resinous material was removed by filteration through cotton 
plug. The yellowish solution so obtained was acidified with dilute sulfuric acid, 
filtered, washed well with water and dried at 50oC. BC and MeBC were further 
recrystallized repeatedly from benzene and methanol-water systems to get 
pure, white, shining crystals of ~81% yield of BC and 77% yield of MeBC, m.p. 
of BC and MeBC was 186oC. 
 
2
OH
R
+
O
HCl:CH3COOH
(2:1 V/V) 
55oC, 4 h 
R
OH OH
R
      (I) 
Phenol or           cyclohexanone                                 BC: R = -H 
o-cresol                                                                            MeBC: R = -CH3 
 
SECTION-II: SYNTHESIS OF EPOXY RESIN OF BC AND MeBC 
 
 
 Epoxy resins of BC and MeBC of general structure (II) here after 
designated as EBC and EMBC were synthesized according to the reported 
method [3]. 
 BC (0.5 mol), epichlorohydrin (1.1 mol) and isopropanol (250 mol) were 
placed in a round bottomed flask equipped with a condenser. The mixture was 
brought to reflux with stirring and 1.25 mol sodium hydroxide in 50 ml water  
 
3. M. R. Sanariya, D. R. Godhani, Shipra Baluja and P. H. Parsania ”Synthesis and 
characterization of epoxy resins based on 1,1’-bis(4-hydroxy phenyl) cyclohexane 
and 1,1’-bis(3-methyl 4-hydroxy  phenyl) cyclohexane” J. of Polym. Mater., 15, 45-49, 
1998. 
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was slowly added to the solution and the refluxed for 4 2
1  h. The separated 
solid resin was isolated by filteration and liquid resin by distillation of excess of 
isopropanol. The solid and liquid resins were washed well with water and 
extracted in chloroform and evaporated to dryness. Highly transparent 
yellowish colour resin was formed which is soluble in CHCl3, acetone, 1,4-
dioxane, DMF, 1,2-dichloroethane, dichloromethane, and DMSO; and partially 
soluble in ethanol and isopropanol. 
 Similarly, epoxy resin of MeBC (0.25 mol) and epichlorohydrin (0.55 
mol) was prepared by using isopropanol (100 ml) and sodium hydroxide 
(0.625 mol) in 25 ml of water. The liquid resin was isolated by distillation of 
excess isopropanol, washed well with water, extracted in chloroform and 
evaporated to dryness. Highly transparent yellowish resin is soluble in CHCl3, 
acetone, 1, 4-dioxane, DMF, 1, 2-dichloroethane, dichloromethane, and 
DMSO; and partially soluble in ethanol and isopropanol. 
OHOH
RR
Cl CH2 CH CH2
O
BC/MeBC
Epichlorohydrin
IPA
NaOH
CH2 CH CH2
O
CH2 OCHCH2
O OH
O H HC 2O C OCH2
n
 
R R R R
+
4.5 h
(II)
R= -H = EBC   R= -CH3 = EMBC 
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SECTION-III:  SYNTHESIS OF BISPHENOL-C-FORMALDEHYDE  
              RESIN 
 1, 1’- Bis (4-hydroxyphenyl) cyclohexane-formaldehyde resin (BCF) 
was synthesized according to reported method [4]: 
 In a 1-liter flask equipped with a condenser, BC (0.5 mol, 134 g) and 
37% formaldehyde solution (2.1 mol, 202 ml) were charged and a 47% cold 
sodium hydroxide (100 ml) solution was added gradually to the reaction 
mixture during 15 min. The temperature of reaction mixture was raised to 50-
550C and continued for 1 1/2h. Reaction mixture was cooled and neutralized 
by a dilute HCl and separated viscous resin was isolated, washed well with 
distilled water and methanol and dried at 50oC. BCF is soluble in acetone, 1, 
4-dioxane, DMF and DMSO. 
 Similarly, Methyl bisphenol-C-formaldehyde resin was prepared by 
using MeBC instead of BC. 
 
OH OH OH OH
CH2OH
CH2OHHOH2C
HOH2C
50-55 0C for 1h
70 0C for 15 min.
2.1 mol HCHO
 
              (III) 
                     BCF 
 
 
 
4. M. R. Sanariya and P. H. Parsania ”Synthesis of new bisphenol-C-formaldehyde and 
bisphenol-C-formaldehyde epoxy resins” J. of Polym. Mater., 17, 261, 2000. 
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SECTION – IV: SYNTHESIS OF CURING AGENT 
     Synthesis of 1, 1’-bis (4-amino phenyl) cyclohexane (DDC) 
  1, 1’- Bis (4-amino phenyl) cyclohexane DDC (IV) was synthesized 
according to reported method [5]:  
  In a 1-liter RBF equipped with a condenser and oil bath, aniline 
(2 mole, 186 ml), concentrated HCl (2 mole, 186 ml) and cyclohexanone (1 
mole, 103 ml) were mixed and reaction mixture was heated at 1300-1400C for 
5h in an oil bath. The temperature of bath was raised to 1500C and 
maintained for 3h.  The reaction mixture was cooled to 1000C and 500 ml 
distilled water was added. A transparent deep red color was obtained. The 
reaction mixture was filtered to remove resinous mass and filtrate was 
charcoalized for 15min at 1000C.  The product was isolated by neutralizing 
solution with a 10% sodium hydroxide solution. The product was washed well 
with water and dried in an oven at 500C. DDC was further recrystallized 
repeatedly from benzene-hexane system (m.p. 1140C). 
   
NH2 NH2
 
          DDC 
   
 
 
 5. Y. S. Vygodskii, N. A. Churochkina, T. A. Panova and Y. A. Fedotov “Novel 
 condensation functional polymers having highly basic groups”, Reactive & 
 Functional Polymers, 30, 241, 1996. 
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CHAPTER – 3 
CHARACTERIZATION 
OF 
EPOXY RESINS 
 
 
 
 
 
This chapter of the thesis describes the determination of epoxy 
equivalent, curing of epoxy resins by using various curing agents and spectral 
characterization of cured resins: 
 
SECTION – 1: DETERMINATION OF EPOXY EQUIVALENT OF THE 
RESINS 
SECTION – 2: CURING OF PHENOLIC AND EPOXY RESINS 
SECTION – 3: IR SPECTRAL CHARACTERIAZTION OF CURED 
EPOXY RESINS 
 
SECTION – 1: DETERMINATION OF EPOXY EQUIVALENT OF THE 
RESINS 
 Epoxy content is reported in terms of “epoxide equivalent” or “epoxy 
equivalent weight” and is defined as the weight of resin in grams, which 
contains one-gram equivalent of epoxy. The term “epoxy value” represents 
the fractional number of epoxy groups contained in 100 grams of resins. 
  Epoxide equivalent may be determined by infrared analysis. The 
characteristic absorption band for the epoxy group is from 877.2 - 806.45 cm-1 
for terminal epoxy groups; from 847.45 to 775.2 cm-1  for internal epoxy 
groups; and from 769.2 to 751.8 cm-1 for triply substituted epoxy group [1].  
The epoxide equivalent may be determined from changes in intensity 
as related to change in molecular weight using the absorption band of the 
epoxy group at 912.4 or 862.1 cm-1 in comparison to aromatic bands at 
1610.3 cm-1. 
 
1. J. Bomstein; Anal. Chem. 30, 544-546, 1958. 
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Greenlee [2] has described the method for epoxy equivalent. The 
epoxide content of the complex epoxide resins were determined by heating a 
1 g sample of the epoxide composition with an excess of pyridine containing 
pyridine hydrochloride at the boiling point for 20 min and back titrating the 
excess pyridine hydrochloride with 0.1 N sodium hydroxide by using 
phenolphthalein as an indicator and considering that 1 HCl is equal to 1 
epoxide group [2].  
 Jungnickel et al [3] have reported some what better results than other 
hydrohalogenation methods with bisphenol-A epoxy resins and with water 
containing sample.  
 They recommended the use of a stronger reagent (1 N pyridinium 
chloride in pyridine), larger sample sizes and a stronger hydroxide solution 
(0.5 N) for samples of relatively low molecular weight. They have developed a 
variation of the pyridinium chloride method in which pyridine is replaced by 
chloroform. The precision and accuracy are somewhat better, due to the 
reduction of side reactions. The pyridinium chloride-chloroform method even 
permits the determination of epoxides sensitive acids, such as styrene and 
isobutylene oxides. However, the preparation of the reagent is cumbersome, 
and reaction periods of 2 h are required. Especially time consuming is the 
need for the exact equivalence of hydrogen chloride and pyridine. 
 
 
2. S. O. Greenlee (Devoe & Raynolds Co. New York) “Phenol aldehyde and epoxide 
resin compositions”, U.S. Pat. 2,502,145 (1949); C.A. 44, 5614, 1950. 
3. J. L. Jungnickel, E. D. Peters, A. Polgar and F.T. Weiss “Organic Analysis (J. Mitchell 
Jr., ed.)”, 1, 127, Interscience, New York, 1953. 
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Burge and Geyer [4] have also described an extensive procedure for 
the determination of epoxide equivalent. 
A weighed sample of an epoxide compound containing 2-4 
milliequivalents of epoxy group is placed into a 250 ml round bottomed flask, 
and 25 ml of 0.2 N pyridinium chloride in pyridine was added. The solution 
was swirled and if necessary, heated gently until the sample was dissolved 
completely and refluxed for 25 minutes, cooled and then added 50 ml of 
methyl alcohol and 15 drops of phenolphthalein indicator and titrated with 0.5 
N methanolic NaOH till pink end point. The epoxide equivalent was calculated 
according to following relationship: 
sampleinoxygenoxiranegram
gramsinweightSampleequivalentEpoxide ×= 16  
Where gram oxirane oxygen in sample = (ml NaOH for blank-ml NaOH 
for sample) x (Normality of NaOH) x (0.016). The number 0.016 is the mili 
equivalent weight of oxygen in grams. The epoxide equivalent of the resins 
under study was determined according to above mentioned method and are 
reported in Table 3.1. 
Table 3.1: Epoxy equivalent of the epoxy resins 
 Resin Epoxy equivalent 
EBC 580 
EMBC 823 
 
 
 
 
 
 
4. R. E. Burge, Jr. and B. P. Geyer “Analytical Chemistry of Polymers” (G. M. Hline, ed.) 
Vol. XII/1, Interscience New York, 1959.   
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SECTION – 2: CURING OF EPOXY RESINS 
Epoxy resin is defined as any compound containing one or more α- or 
1, 2-epoxy groups capable of being converted to a thermoset form or a three 
dimensional network structure. The term “curing” is used to describe the 
process by which one or more kinds of reactants (i.e. an epoxide and a curing 
agent) are transformed from low molecular weight materials to highly cross-
linked network. The net work is composed of segments involving only the 
epoxide or both the epoxide and the cross linking agent. 
In order to convert the resins into cross linked structures, it is essential 
to add a curing agent. Most of the curing agents in common use are classified 
into three groups, namely tertiary amines, polyfunctional amines and acid 
anhydrides. Polysulphides and other types of curing agents are also used in 
specific compositions. 
 
1. Polyfunctional amines 
 Aliphatic and aromatic compounds having at least three active 
hydrogen atoms present in primary and/or secondary amine groups are widely 
applied as curing agents for epoxy resins. Different polyfunctional amine 
curing agents are diethylene triamine, triethylenetetramine, m-phenylene 
diamine, 4, 4’-diaminodiphenyl methane, 4, 4’-diaminodiphenyl sulphone, etc. 
 The reaction mechanism involved in the reaction between epoxy resin 
and a polyfunctional amine curing agent shows that the reaction requires the 
presence of a proton donor, which may be present in the resin or traces of 
water. The curing reaction is greatly accelerated by the presence of phenol, 
isopropanol or water [5, 6].  
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 RNH2 CH2
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RNH CH2 CH
H OHOH
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The reaction between an epoxy and primary or secondary amine 
results in the formation of hydroxy group and a possible subsequent reaction 
is etherification by epoxy group. 
OH H2C CH
O
O CH2 CH
OH
+
  
 However, the tertiary amine does not appear able to promote this 
reaction to any great extent. 
 As a class, the amines are usually being toxic and may cause severe 
irritation or an asthmatic response in sensitized persons, polyfunctional 
amines are often used as adducts in order to reduce toxicity. It also provides 
the advantage of reducing effect of weighing error as the unmodified amines 
are usually used in stoichiometric ratio, while modified adducts of amines is to 
increase the molecular weight of curing agent, which make their use easier to 
 
5. L. Shechter, J. Ind. Eng. Chem., 48, 94, 1956. 
6. W. H. Horne and R. L. Shriner, J. Amer. Chem. Soc., 54, 2925, 1932. 
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minimize weighing errors.  Examples of amine adducts are glycidyl ether 
adducts, ethylene and propylene oxide adducts and acrylonitrile adducts.  
 
2. Tertiary amines 
Tertiary amines used as curing agents for epoxy resins are benzyl 
dimethyl amine, 2-(dimethyl amino methyl) phenol, 2, 4, 6-tris (dimethyl amino 
methyl) phenol, tri ethanolamine and N-n-butylimidazole. The reaction 
mechanism involved in curing of epoxy resin with tertiary amine R3N is given 
as below. 
 
(a) formation of quaternary base 
R3N:
CH2
O
CH CH2 CHR3N
O
+ +
_
 
 
(b) protonation of quaternary base with formation of an anion 
CH2 CHR3N
O
R'OH
CH2 CHR3N
OH
R'O+
-
-+
+
 
 
OR 
CH2 CHR3N
O
R'OH
CH2 CHR3N
OH
R'O++
+
_
_
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Proton donor may be either the curing agent itself or water present as 
an impurity. 
(c) Polymerization through epoxy groups initiated by above formed anion. 
 
CH2
O
CH CH2 CH
O
R'O
R'O
CH2
O
CH
CH2 CH
O
R'O
CH2 CH
O
+
-
-
-
 
 
3. Acid anhydrides 
  Cyclic acid anhydrides widely used as curing agents for epoxy resins 
are maleic anhydride, dodecenylsuccinic anhydride, hexahydro phthalic 
anhydride, phthalic anhydride, pyromellitic dianhydride, nadic methyl 
anhydride and chlorendic anhydride. 
 The various reactions taking place during the curing is illustrated by 
using phthalic anhydride as below: 
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1) Reactions of the anhydride group 
 
C
O
O
O
C
+ COOH
COOH
(a)
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O
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C
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CO O
CH2 CH CH2
 
H2O 
 
2) Reactions of the epoxy group 
 
COOH
CO O
CH2 CH CH2
+
CH2
O
CH
CO O
CH2 CH CH2
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CH CH2 OH(a)
(b)
CH2 CH
OH
CH2
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O
CH CH2 CH CH2
O CH2 CH
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Above reaction between hydroxy and epoxy groups is very low but it is 
catalyzed by proton donors [7]. 
 
 
 
 
 
7. L. Shechter, J. Wynstra, Ind. Eng. Chem., 48, 86, 1956. 
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In the presence of carboxy group functions as a catalyst possibly 
through a carbonium ion intermediate.   
 
CH2
O
CH
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O
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 Three types of hardeners are used for crosslinking of epoxy resin-tar 
combination [8]: (1) Cold hardeners, where the hardening occurs at room 
temperature up to final hardening. (2) Warm hardeners, where for final 
hardening further temperature of ~100oC is required. (3) Hot hardeners, 
where hardening occurs only above 100oC. Mostly cold hardeners are used 
for epoxy-tar combinations, which include polyamides, polyamines, 
cycloaliphatic amines or their mixtures. The resistance to water and chemicals 
can be varied by use of short- or long chain amines. 
 Curing of epoxide adhesive compositions such as ED-6 and maleic 
anhydride was studied and it was found that the composition containing epoxide 
 
8. Klemens Fiebach “Epoxy- resin tar combination, a new means for structure 
protection”, Belg. 579,527; Fr. 1,202,394; Brit. 883,522; U. S. 2,906,720 (1965);  C. 
A. 62, 14929, 1965. 
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adhesive with 40% PhOH-HCHO resin cured at 150-160oC for 6 h in presence 
of diethylaniline as a catalyst to give an adhesive of breaking strength 600 
kg/sq. cm. [9].  
Polyfunctional amines are used in combination with sand and coal-tar 
pitch to produce corrosion preventing epoxy resin coating. Thus, epoxy resins 
were cured by using curing material containing 87% sand, 15% diethylene 
triamine and 12% coal-tar pitch [10]. 
 The cured polyepoxides compounds were obtained having excellent 
impact strength and flexibility and suitable as protective coatings, by using 
curing material composed of liquid glycol diamines H2N 
(CH2)3O(CH2CH2O)2(CH2)3NH2 (I). Thus, 100 g of diglycidyl ether of 2, 2’-bis 
(p-hydroxy-phenyl) propane was mixed with 24.9 g of (I) for 5 min. The 
mixture was applied on a 0.012 in. cold-rolled steel plate and was cured  for 7 
days at room temperature [11]. 
Powdered mixtures of epoxy resins and pyromellitic dianhydride were 
applied to various preheated metals at 240oC by the fluidized bed technique to 
give highly cross linked coatings. The mixture containing 0.8-1.0 anhydride 
groups per epoxy group are stable indefinitely at normal ambient temperature [12]. 
 
9. E. B. Trostyanskaya and E. S. Venkova ”Curing of epoxide adhesive compositions 
and compounds”, Plasticheskie Massy, 8, 16-18, (1961); C.A. 56, 4980, 1962. 
10. Henri Wache “Corrosion preventing epoxy resin coatings”, Fr. 1,293,072 (1962); C.A. 
58, 3611, 1963. 
11. Union Carbide Corp “Liquid glycol diamine curing agents for polyepoxides”, Brit. 
904,403 (1962); C.A. 58, 11643, 1963. 
12. E. I. Dupont de Nemours and Co. “Epoxy resin coating composition”, Brit. 904,397 
(1962); C.A. 58, 8142, 1963. 
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Adhesive based on epoxy phenol formaldehyde resins was found to 
possess good adhesive property and heat resistance but when cross linked 
with amine type curing agent, the heat of reaction was lowered. Therefore a 
room temperature curing adhesive can be prepared and rigidity of such resin 
could be regulated by introducing linear polymers into monomer liquid [13].   
 Mijovic [14] has investigated the cure kinetics of epoxides. In his study, 
the formulations were composed of tetra glycidyl 4, 4’-diaminodiphenyl 
methane (TGDDM) epoxy resin and diamino diphenyl sulfone (DDS). A series 
of DSC thermograms were run and analyzed by the proposed autocatalytic 
kinetic model. 
 Patel and Patel [15] have investigated various thermo mechanical 
properties of tetra glycidyl diamino diphenyl methane (TGDDM) and   tetra 
glycidyl bis (o-toluidino) methane (TGMBT) as matrix resins and curing agents 
were diamino diphenyl methane (DDM), diamino diphenyl sulfone (DDS) and 
diethylene triamine (DETA). 
 Liu [16] have synthesized phosphorus containing novolac (Ar-DOPD-N)  
 
13. Chih-Lu-Wang, Tao-I-Ch’en, Kuo-Ts’ai Ch’en, Su-yuan Wang, Li-shun P’o “Epoxy 
phenol formaldehyde type adhesives”, Hua Hsueh Tung Pao, 10, 41-43, (1962); C.A. 
58, 9287, 1963. 
14. Jovan Mijovic “Cure kinetics of neat vs reinforced epoxides”, J. of Appl. Polym. Sci. 
31, 1177-1187, 2003. 
15. S. Patel and R. G. Patel “Glass fiber reinforced epoxy composites”, Angewandte 
Makromolekulare Chemie, 197, 141-147, 2003. 
16. Y. L. Liu, C. Shao Wu, K. Y. Hus, T. C. Chang “Flame retardant epoxy resins from o-
cresol novolac epoxy cured with a phosphorus containing novolac”, J. of Polym. Sci. 
Part A, 40, 2329-2339, 2002. 
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and used as a curing agent for o-cresol formaldehyde novolac epoxy resin, 
resulting cured epoxy resins exhibit high glass transition temperature (159-
2170C), good thermal stability (>3200C), and retardation on thermal 
degradation rates. 
 Carter [17] has developed low temperature curing system for epoxy 
resin and proposed its application in aerospace composites. 
Tcharkhtchi [18] have investigated the chemiluminescence of the 
epoxy network based on diglycidyl ether of bisphenol-A cured with phthalic 
anhydride (PA), hexa hydro phthalic anhydride (HHPA), and methyl 
tetrahydro phthalic anhydride (MTHPA) over the temperature range of 180-
2400C. 
He et al. [19] have evaluated the curing agents for epoxy resins. The 
furfuryl amine (FA), tetrahydro furfuryl amine (THFA) and 5, 5’- methylene bis-
2-furan methane amine (DFA) were studied as possible curing agents.   
CURING OF PHENOLIC RESIN  
 BCF resin was self-cured at different temperatures: 120o, 130o, 140o, 
150o and 160oC and the observed curing time is about 16, 12, 10, 6 and 4 
min, respectively. The cured samples are found insoluble in common solvents. 
 
17. J. T. Carter, G. T. Emmerson, C. Lo. Faro, P. T. McGrail and D. R. Moore “The 
 development of low temperature cure modified epoxy resin system for aerospace 
 composites”, Composite Part A, 34, 83- 91, 2003. 
18. A. Tcharkhtchi, L. Audouin, J. Verdu “Chemiluminescence of anhydride cured epoxy 
networks: Influence of the anhydride structure”, J. of Polym. Sci. Part  A, 31, 683-
690, 2003. 
19. Xiaodum He, A. H. Conner, J. A. Koutsky “Evaluation of  furfurylamines as curing 
agents for epoxy resins”, J. of polym. Sci. Part A, 30, 533-542, 2003. 
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BCF is also post cured at 150oC for 15 min and designated as BCF- 15. BCF 
and BCF-15 samples are used for their thermal analysis. 
CURING OF EPOXY RESINS 
 EBC was cured by using varying proportions (10-50%) of bisphenol-C-
formaldehyde resin (BCF), 4, 4’-diamino diphenyl cyclohexane (DDC), 4, 4’-
diamino diphenyl methane (DDM), pyromellitic dianhydride (PMDA) and 
tetrachloro phthalic anhydride (TCP) as cross-linking agents at 1500C/2300C. 
Thus, 1g EBC and required amount of the curing agent in a 6”x1” corning test 
tube was dissolved in acetone and heated slowly to evaporate acetone. Then 
the mixture was further heated at a specified temperature. The curing time 
and temperature for different hardener systems are reported in Table 3.2.  
The cured resins are designated as EBCF (BCF cured resin), EBCP (PMDA 
cured resin), EBCT (TCP cured resin), EBCD (DDM cured resins) and EBCC 
(DDC cured resins) in varying proportions of 10-50%. The numeric figures 
along with resin code indicate hardener concentration used.  
 The reaction time, temperature and hardener concentration data are 
reported in Table3.2. BCF, PMDA and TCP cured resins are insoluble in all 
common solvents while DDC and DDM cured resins are soluble in common 
solvents. From Table3.2, it is clear that curing time decreased with increasing 
amount of BCF, PMDA and TCP while there is no effect of DDC and DDM 
concentration observed on curing time even up to 10h. The solubility of DDC 
and DDM cured resins indicated formation of either branched or ladder type 
structures.  
 
 
 
 
 
64 
Table 3.2: Curing time, temperature and hardener concentration data for  
       EBC 
 
Curing time, min. 
 Resin Hardener 
Curing 
Temp.,oC 
10% 20% 30% 40% 50% 
 
    
EBC 
 
BCF 
PMDA 
TCP 
DDC 
DDM 
150 
230 
230 
150 
150 
180 
100 
330 
600 
600 
135 
90 
270 
600 
600 
120 
80 
240 
600 
600 
90 
60 
180 
600 
600 
60 
45 
150 
600 
600 
SECTION – 3: IR SPECTRAL ANALYSIS OF CURED EPOXY   
    RESINS 
 This section of the thesis includes IR spectral data of cured epoxy 
resins. 
 Information about the structure of a molecule could frequently be 
obtained from its absorption spectrum. The atomic and electronic 
configuration of a molecule is responsible for the position of absorption 
bands. The most structural information of organic molecules could be 
obtained from their IR spectra. The masses of the atoms and the forces 
holding them together are of such magnitudes that usual vibrations of the 
organic molecules interact with electromagnetic radiations to absorb and 
radiate in the IR region. During the absorption, it is necessary for the 
molecule to under go a change in dipole moment. IR spectroscopy is an 
excellent method for the qualitative analysis because except for optical 
isomers, the spectrum of a compound is unique. It is most useful for the 
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identification, purity and gross structure at detail. This technique is often 
faster than any other analytical method. 
 The IR spectra (KBr pellets) of cured epoxy resins were scanned on 
Shimadzu-8400 FT-IR spectrometer over the frequency range from 4000 – 
400 cm-1. The IR spectra of cured resins are shown in Figs. 3.1 - 3.13. 
 The characteristic absorption bands (cm-1) for each system besides 
the normal modes of alkane, alicyclic and aromatic groups are reported in 
Table – 3.3. The IR spectra of cured resins showed either new absorption 
bands or overlapping with originally present due to neat resins. In some 
cases shift in absorption bands and sharpening of bands are observed 
with hardener concentration.  The brief remark of each type is also 
included in Table – 3.3. 
 
 
 
 
 
 
 
 
 
 
 
 
66 
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Fig. 3.1: IR (KBr) spectra of BC
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EBCF10 
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Fig. 3.2: IR (KBr) spectra of EBCF10 and EBCF20 
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Fig. 3.3: IR (KBr) spectra of E
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   EBCF50 
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 Fig. 3.4: IR (KBr) spectrum of E
 Wave number cm-BCF50 
70 
EBCP10 
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Fig. 3.5: IR (KBr) spectra of EBC
 Wave number cm-P10 and EBCP20 
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EBCP30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
45.0
50.0
55.0
60.0
65.0
70.0
75.0
80.0
85.0
90.0
95.0
100.0
105.0
%T
500.0750.01000.01250.01500.01750.02000.03250.0
 
EBCP40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
%T
500.0750.01000.01250.01500.01750.02000.03250.0
 1
 
 
 
 
Fig. 3.6: IR (KBr) spectra of 
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EBCP50 
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Fig. 3.7: IR (KBr) spectrum of EBCP50 
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EBCT10 
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Fig. 3.8: IR (KBr) spectra of 
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EBCT30 
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Fig. 3.9: IR (KBr) spectra of EBCT30 and EBCT50  
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EBCC10 
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Fig. 3.10: IR (KBr) spectra of E
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Fig. 3.11: IR (KBr) spectrum of EBCC30  
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Fig. 3.12: IR (KBr) spectra of EB
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Fig. 3.13: IR (KBr) spectrum of EBCD30 
 
 
 
 
 
 
 
 
 
 
 
 
 
79 
Table 3.3: The characteristic IR absorption frequencies of  
          cured resins 
Resin Absorption Frequency, cm-1 Type 
BCF 3346.3 -OH (Str.) 
BCF-15 3336.6 -OH (Str.) 
EBCF10 3301.9 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCF20 3419.6 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCF30 3352.1 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCF40 3398.3 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCF50 3386.8 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCP10 3417.6 -OH (Str.) 
 831.3 C-O-C (epoxide) 
 1251.7 C-O-C (Str.) 
 1733.9 -C=O (ester) (Str.) 
EBCP20 3421.5 -OH (Str.) 
 823.5 C-O-C (epoxide) 
 1238.2 C-O-C (Str.) 
 1741.6 -C=O (ester) (Str.) 
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Cont… 
Resin Absorption Frequency, cm-1 Type 
EBCP30 3398.3 -OH (Str.) 
 823.5 C-O-C (epoxide) 
 1238.2 C-O-C (Str.) 
 1741.6 -C=O (ester) (Str.) 
EBCP40 3444.6 -OH (Str.) 
 817.8 C-O-C (epoxide) 
 1267.1 C-O-C (Str.) 
 1743.5 -C=O (ester) (Str.) 
EBCP50 3442.7 -OH (Str.) 
 819.7 C-O-C (epoxide) 
 1249.8 C-O-C (Str.) 
 1703 -C=O (ester) (Str.) 
EBCT10 3421.5 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
 1737.7 -C=O (ester) (Str.) 
 732.9 -C-Cl (Str.) 
EBCT20 3423.4 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1240.1 C-O-C (Str.) 
 1737.7 -C=O (ester) (Str.) 
 769.5 -C-Cl (Str.) 
EBCT30 3421.5 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1240.1 C-O-C (Str.) 
 1737.7 -C=O (ester) (Str.) 
 732.9 -C-Cl (Str.) 
EBCT50 3402.2 -OH (Str.) 
 821.6 C-O-C (epoxide) 
 1240.1 C-O-C (Str.) 
 1739.7 -C=O (ester) (Str.) 
 769.5 -C-Cl (Str.) 
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Cont… 
Resin Absorption Frequency, cm-1 Type 
EBCC10 3375.2 -OH & -NH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCC20 3375.2 -OH & -NH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCC30 3367.5 -OH & -NH (Str.) 
 821.6 C-O-C (epoxide) 
 1238.2 C-O-C (Str.) 
EBCD10 3371.3 -OH & -NH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCD20 3359.8 -OH & -NH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
EBCD30 3332.8 -OH & -NH (Str.) 
 821.6 C-O-C (epoxide) 
 1242.1 C-O-C (Str.) 
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THERMAL ANALYSIS  
OF  
CURED AND UNCURED RESINS 
 
 
 
 
 
THERMAL ANALYSIS OF CURED AND UNCURED RESINS 
 This chapter of the thesis describes the thermal analysis of cured and 
uncured resins. 
INTRODUCTION 
 Thermal analysis of polymers is very significant in predicting their utility 
under various environmental conditions, especially under high temperature 
applications. It is the best tool for understanding molecular architecture, 
decomposition mechanism, degradation pattern, etc. 
 For optimum performance of the finished products, it is of foremost 
important to know and monitor the curing reactions. Thermosets are difficult 
to study because of their insolubility and infusibility. Differential scanning 
calorimetric (DSC), differential thermal analysis (DTA) and thermogravimetric 
(TG) techniques provide considerable insight into reaction mechanism. 
 Increased emphasis on occupational safety and consumer protection 
has generated significant interest in analytical methods to evaluate safe 
processing, storage, shipping and safety conditions for a wide variety of 
materials. Thermal analysis techniques, particularly differential scanning 
calorimetric (DSC), thermogravimetric analysis (TGA) have proven useful for 
evaluating kinetic parameters of various reactions and materials.  These 
kinetic parameters provide usefulness of the potentially unstable nature of the 
materials. 
 Scientific and technological achievements together with demands 
based on industrial requirement have permitted the development of the many 
and various types of materials that can withstand at much higher temperature 
and environments that are more corrosive. 
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 Scientific studies help to reveal the molecular structure such as the 
sequence and arrangement of repeating units and side groups in the polymer 
as well as the nature of the chain ends and of the cross-links between chains. 
Such studies throw light on molecular architecture of polymer such as degree 
of polymerization, orientation, crystal perfection, percentage crystallinity, the 
extent of chain branching, strength of various bonds holding together polymer 
molecules, on the kinetic of depolymerization, on the effect of time, 
temperature, pressure, etc. and on the rates and products of degradation. 
 On practical side, thermal analysis of polymers, not only explain the 
behavior of polymers under conditions of high temperatures but also helps in 
selecting the right kind of material for the specific uses where high 
temperatures are encountered. It also suggests the design and synthesis of 
new materials for specific requirements in polymer technology such as high 
temperature resistant synthetic and natural fibers, transportation industries, 
electrical and electronic instruments and appliances, etc. 
For any given application, it is likely that one or a few physical and / or 
chemical properties will be most important. A few that often encountered are 
structural integrity, tensile strength, viscosity, weight loss and susceptibility to 
oxidation. 
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 The usefulness of DSC and TG in various fields of chemistry are described below 
Various fields of chemistry 
 Properties 
Polymers 
Pharma- 
ceutical 
Organic 
products 
Inorganic 
products 
Food 
Stuffs 
(1) Physical Properties 
 1.   Specific heat 
       II. Phase transition: 
       a) Melting / 
            crystallization 
       b) Evaporation / drying 
 
 
      c) Solid – solid 
           modification changes 
     d) Glass transition, 
          softening 
     e) Polymorphism 
      f) Liquid fraction 
     g) Liquid-solid phase 
           transition 
     h) Crystallinity 
     i) Heat of fusion 
     j) Purity 
 
DSC 
 
DSC 
 
DSC 
And TG 
 
DSC 
 
DSC 
 
- 
- 
- 
 
DSC 
DSC 
- 
 
DSC 
 
DSC 
 
DSC 
And TG 
 
DSC 
 
- 
 
DSC 
- 
- 
 
- 
DSC 
DSC 
 
DSC 
 
DSC 
 
DSC 
And TG 
 
DSC 
 
- 
 
DSC 
- 
DSC 
 
- 
DSC 
DSC 
 
DSC 
 
DSC 
 
DSC 
And TG 
 
DSC 
 
- 
 
DSC 
- 
- 
 
- 
DSC 
DSC 
 
DSC 
 
DSC 
 
DSC 
And 
TG 
DSC 
 
- 
 
DSC 
DSC 
- 
 
- 
DSC 
- 
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Various fields of chemistry 
 Properties 
Polymers 
Pharma- 
ceutical 
Organic 
products 
Inorganic 
products 
Food 
Stuffs 
 
(2) Chemical Properties 
      a) Decomposition 
            pyrolysis 
      b) Oxidation, oxidative 
            stability 
      c) Content 
            determination, 
            fillers 
      d) Dehydration, 
            moisture 
      e) Reaction profile, 
           kinetics 
      f) Degree of cure, 
           vulcanization 
     g) Safety investigations 
     h) Heat of reaction 
 
 
DSC 
And TG 
DSC 
 
DSC 
And TG 
 
DSC 
And TG 
DSC 
 
DSC 
 
- 
DSC 
 
 
TG 
 
DSC 
 
TG 
 
 
DSC 
And TG 
- 
 
- 
 
DSC 
- 
 
 
DSC 
And TG 
DSC 
And TG 
TG 
 
 
DSC 
And TG 
DSC 
And TG 
- 
 
DSC 
DSC 
 
 
TG 
 
TG 
 
TG 
 
 
DSC 
And TG 
DSC 
And TG 
- 
 
- 
DSC 
 
 
DSC 
And TG 
DSC 
And TG 
DSC 
And TG 
 
DSC 
And TG 
- 
 
- 
 
- 
- 
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Effect of various operating parameters 
1. Atmosphere  
 The atmosphere associated with any thermal analysis, which 
composed of gases that are introduced from outside and those are evolved 
from the samples. 
 The presence or absence of such gases may have a strong influence 
on the results. These gases may react with the sample or with each other, 
and change the reaction mechanism or product composition. Inert 
atmosphere and vacuum will influence decomposition processes as well. In 
vacuum, primary decomposition of gases will tend to be pumped away from 
the sample before the molecules collide with the surface and undergoes 
secondary reactions. When these molecules collide with inert gas molecules, 
they may undergo homogeneous reaction or may be reflected back to the 
sample surface and react there. 
2. Container geometry 
 The container geometry influences the gaseous environment and heat 
transfer to the samples. Even with a flowing gaseous atmosphere, a deep 
narrow container will limit the contact between the samples surface and gas, 
whereas a shallow, broad container will promote the contact. 
3. Container material 
 It is reasonable to expect that in some cases the container material will 
react with material being tested or some of the products. 
4. Sample size 
 Two major effects are associated with the sample size, namely surface 
and bulk effects. In carrying out polymer degradation studies, it is customary 
 
87 
to reduce film thickness or particle size until the rate of decomposition 
becomes independent of size. 
5. Rate of heating 
In the case where only kinetic considerations are significant, and 
increase in the rate of temperature rise will cause the process to be displayed 
to a higher temperature because the sample will have been at the lower 
temperatures for a shorter length of time. The rate of change of the measured 
parameters will also be greater for faster heating. 
 
Differential scanning calorimetry (DSC) and 
Differential thermal analysis (DTA)  
 Physical transformation [1] such as glass transition, cold crystallization, 
crystallization from melt, crystalline disorientation, and melting can be studied 
by differential scanning calorimetry (DSC) and differential thermal analysis 
(DTA). 
 DSC is a method whereby the energy necessary to establish a zero 
temperature difference between a substance and a reference material is 
recorded as a function of temperature or time. When an endothermic 
transition occurs, the energy input to the sample in order to maintain a zero 
temperature difference, because this energy input is precisely equivalent in 
magnitude to the energy absorbed during the transition in direct calorimetric 
measurement. The combination of programmed and isothermal techniques 
 
  
1. E. Heisenberg; Cellulose Chemie, 12, 159, (1931); C. A. 25, 59823, 1931. 
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has been used for characterizing unresolved multistep reaction in polymers 
[2]. 
 DSC has proved to be a valuable technique for investigating 
parameters of the curing reactions of thermosetting polymers. This technique 
is applied to evaluate curing characteristics like the degree of cure, 
temperature and duration of the curing reaction, and the magnitude and 
variability of the heat of reaction as a function of time and temperature for 
thermosetting materials such as phenolics [3, 5], diallyl phthalate [6], 
unsaturated polyester [7, 8] and various epoxy resins [9-13]. 
 Horie et al [9] studied the isothermal DSC during reaction of phenyl 
glycidyl ether with butyl amine and reported heat of reaction equal to 24.5 ± 
0.6 Kcal/mole. 
 
 
2. A. A. Duswalt, Thermochemica Acta, 8, 57, 1974 
3. A. Siegman and M. Narkis; J. Appl. Polym. Sci., 27, 2311, 1977. 
4. R. Ray and A. R. Westwood; Eur. Polym. J., 11B, 25, 1975. 
5. M. Ezrirn and G. C. Claver; Appl. Polym Symp., 8, 159, 1969. 
6. P. E. Willard; Polym. Eng. Sci., 12, 120, 1972. 
7. G. B. Jhonson, P. H. Hess and R. R. Miron; J. Appl. Polym. Sci., 6, 497, 1962. 
8. M. R. Kamal and S. Scyrour; Polym. Eng. Sci., 13, 59, 1973. 
9. K. Horie, H. Hiura, M. Sawada, I. Mita and H. Kabe; J. Polym. Sci., Part A-1, 8, 1357, 
1970. 
10. R. A. Fava; Polymer, 9, 137, 1968. 
11. R. B. Prime; Analytical Calorimetry, Plenum Press, N. Y., Vol. 2, 201, 1970. 
12. M. A. Acitelli, R. B. Prime and E. Sacher; Polymer, 12(5), 335, 1971 
13. J. J. Shito; J. Polym. Sci., 23, 569, 1968. 
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 Fava [10] has studied epoxy resins isothermally by DSC and reported 
that Arrhenius equation is applicable, yielding an activation energy of 17.8 
Kcal/mole. 
 Prime et al [11], Acitelli et al [12] and Shito [13] have reported the 
kinetics of the diglycidyl ether of bisphenol-A (DGEBA) and polyamide by 
DSC and I.R. techniques. 
 DSC provides useful informations about crystallinity, stability of 
crystallite, glass transition temperature, cross linking, kinetic parameters such 
as the activation energy, the kinetic order and heat of polymerization, etc. 
DTA is more versatile and gives data of more fundamental nature than 
TGA. This technique involves recording of difference in temperature between 
a substance and reference material against either time or temperature as the 
two specimens are subjected to identical temperature regimes in an 
environment heated or cooled at a programmed heating rate. Any transition, 
which the polymer sample undergoes, results in absorption or liberation of 
energy by the sample with a corresponding deviation of its temperature from 
that of the reference. In DTA, as soon as the sample reaches the temperature 
of the change of its state (chemical or physical), the differential signal appears 
as a peak. The number, position, shape and nature (exothermic or 
endothermic) of the DTA peaks give information about glass transition 
temperature, crystalline rearrangement, melting, curing, polymerization, 
crystallization, decomposition of polymer, etc. 
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Thermo gravimetric analysis (TGA) 
 Different polymers decompose over different ranges of temperature 
yielding different proportion of volatile and residues. Thermogravimetry is 
useful analytical technique for recording weight loss of a test sample as a 
function of temperature, which may be used for understanding the chemical 
nature of the polymer. Thus, the weight of a substance in an environment 
heated or cooled at a controlled rate is recorded as a function of time or 
temperature. 
There are three types of thermogravimetry 
1. Static or isothermal thermogravimetry 
2. Quasistatic thermogravimetry and 
3. Dynamic thermogravimetry 
Most of the studies of polymers are generally carried out with dynamic 
thermogravimetry. Normally the sample starts losing weight at a very slow 
rate up to a particular temperature and there after, the rate of loss becomes 
large over a narrow range of temperature. After this temperature, the loss in 
weight levels off. TGA curves are characteristic for a given polymer because 
of unique sequence of physico-chemical reactions, which occur over definite 
temperature ranges and at rates that are function of the polymer structure. 
The change in weight is a result of the rupture and/or formation of various 
physical and chemical bonds at elevated temperatures that lead to evaluation 
of volatile products in the formation of heavier reaction products. 
Pyrolysis of many polymers yield sigmoidal TG curves. The weight of 
the sample decreases slowly as reaction begins and then decreases rapidly 
over a comparatively narrow range of temperature and finally levels off as the 
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reaction is completed. The shape of the curve depends on the kinetic 
parameters: reaction order n, frequency factor A and activation energy E. The 
values of these parameters have been shown to be of major importance to 
elucidate the mechanism in polymer degradation [14, 15]. 
Reich and Levi [16] have described several temperature characteristics 
for qualitative assessment of relative thermal stability of polymers: 
1. Initial decomposition temperature (T0) 
2. Temperature for 10% weight loss (T10) 
3. Temperature for maximum rate of decomposition (Tmax) 
4. Half volatilization temperature (Ts) 
5. Differential decomposition temperature and 
6. Integral procedural decomposition temperature (IPDT) 
 
With dynamic heating T0 and T10 are some of the main criteria of the 
thermal stability of a given polymer.  
For the estimation of kinetic parameters from TG traces, several so 
called exact methods have been proposed. All these methods involve two 
important assumptions that thermal and diffusion barriers are negligible and 
that Arrhenius equation is valid. Since small quantities of materials are 
employed in TG studies, thermal and diffusion barriers would be negligible. 
 
14. D. W. Levi, L. Reich and H. T. Lee; Polymer Eng. Sci., 5, 135, 1965. 
15. H. L. Friedman; U. S. Dept. Com., Office. Tech., 24 PP (1959); cf. C. A. 55, 26, 511, 
1961. 
16. L. Reich and D. W. Levi; Macromol. Rev. Eds. Peterlin Goodman Wiley Interscience, 
New York, 173, 1968. 
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Since the shape of any TG curve is dependent on the nature of 
apparatus and the way in which it is used. Most kinetic treatments are based 
on relationship of the type: 
)(Ckf
dt
dC =      …(4.1) 
where C = Degree of conversion, t = time, k = rate constant, f(C) = a 
temperature independent function of C. 
The constant k is generally assumed to have the Arrhenius form 
         k = Ae-E/RT               …(4.2) 
C is defined as the conversion with respect to initial material 
C = 1 - 
0W
W
       …(4.3) 
where W0 = Initial weight of the material and W = weight of the material 
at any time.  
The residual weight fraction is given by 
 ( )CW
W −= 1
0
 
and the rate of conversions is given by 
 ( ) dt
dWW
dt
dC
01−=     …(4.4) 
For homogeneous kinetics, the conversion would be assumed to have 
the form 
     …(4.5) ( ) ( )nCCf −= 1
where n = order of the reaction. 
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Upon substituting Eqns. (4.2) and (4.5) into Eqn. (4.1) 
       ( )nRTE CAedt
dC −= − 1/  
  OR 
     ( )( nRTE CeAdTdC −


= − 1/β )     … (4.6) 
where  = Rate of heating. β
 
Methods of single heating rate 
1. Freeman – Carroll [17] and Anderson-Freeman method [18] 
Freeman-Carroll developed the following relation to analyze TGA data 
at a single heating rate: 
 
  
( )
( )
( )
( )


−∆
∆−=−∆
∆
Cn
T
R
En
Cn
dtdCn
11
1
11
1
  … (4.7) 
A Plot of L.H.S. against 
( )
( )C
T
−∆
∆
1ln
1
 for equal interval of ∆1/T would yield a 
straight line with slope equal to –E/R and the intercept equal to n. Using Eqn. 
(4.7) Anderson-Freeman derived Eqn. (4.8): 
                 ( ) 

∆−−∆=

∆
TR
ECnn
dt
dCn 1111     ..(4.8) 
 
 
17. E. S. Freeman and B. Carroll; J. Phys. Chem., 62, 394, 1958. 
18. D. A. Anderson and E. S. Freeman; J. Polym. Sci., 54, 253, 1961. 
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 According to Eqn. (4.8), the plot of ( dtdCn1∆ )  against  
for equal intervals of 
( )Cn −∆ 11
( )T1∆  would be a straight line with slope equal to n 
and the intercept equal to ( )TRE 1)/( ∆−  
 
2. Sharp-Wentworth method [19] 
 For a first order process (n=1), Sharp-Wentworth derived following 
relation to analyze TGA data: 
 
 ( ) TR
E
A
C
dtdC 1.
303.2
log
1
log −=


− β      ..(4.9) 
 The plot of log 


−C
dtdC
1
/
against 1/T would be a straight line, with 
slope equal to –(E/2.303 R) and intercept equal to log . ( )β/A
 
3. Chatterjee method [20] 
 Chatterjee developed the following relation for the determination of n 
from TG curves based on weight units. 
               
21
21
loglog
loglog
WW
dt
dW
dt
dW
n −


−

−
=    …(4.10) 
 where W1 and W2 are the sample weight. 
 
19. J. H. Sharp and S. A. Wentworth; Anal. Chem., 41, 2060, 1969. 
20. P. K. Chatterjee; J. Polym. Sci., A-3, 4253, 1965. 
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4. Horowitz-Metzger method [21] 
 The value of E can be determined from a single TG curve according to 
Horowitz-Metzger: 
      ( )[ ] θ2111 RTsECnn =− −1     …(4.11)  
where Ts = Temperature at which the rate of decomposition is maximum and 
 = T – Ts. θ
 The frequency factor A and entropy change  can be determined 
respectively according to Eqns. (4.12) and (4.13). 
S∆
 ( ) 22 1111 RTsEnnARTsnnE −−=− β   …(4.12) 
                       
RSb e
h
TkA /∆=     …(4.13) 
         where kb is Boltzman constant 
 
Uses of multiple heating rates 
(1) Anderson [22] method 
 Anderson [22] and Friedman [23] have developed the methods based 
on multiple heating rates. These methods are based on the fact that as the 
heating rates are increased, TG curves tend to shift to higher temperatures, 
since at lower temperature decomposition occurs for shorter times. 
 
21. H. H. Horowitz and G. Metzger; Ana. Chem., 35, 1464, 1963. 
22. H. C. Anderson, J. Polym. Sci., C6, 175, 1964. 
23. H. L. Friedman, J. Polym. Sci., C6, 183, 1964. 
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The relation is 
 ( ) RT
ECnnnAnRt −−+= 1111    …(4.14) 
    where Rt = dTdCβ  
 The plot of lnRt against 1/T at various fixed degree of conversion would 
be a straight line with slope equal to –E/R at a fixed degree of conversion. 
 
 In order to evaluate the values of n and A, Eqn. (4.15) can be 
employed by considering 1/T = 1/To when ln Rt = 0 
          )1(1ln CnnARTo
E −+=     …(4.15) 
 
 According to Eqn (4.15), the plot of E/RT0 against ln (1-C) would be a 
straight line with slope equal to n and intercept equal to lnA. 
 
(2)  Friedman method [23] 
 Friedman [23] has developed  following Eqn. (4.16): 
          RT
ECnnnA
dt
dCn −−+=

 )1(111   … (4.16) 
 
 According to Eqn. (4.16), the plot of lndC/dt against 1/T at various 
values of fixed degree of conversion would be a straight line with slope equal 
to –E/R and 
    …(4.17) )1(11 CnnnAIntercept −+=
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 The intercept obtained from the first graph can be plotted against ln(1-
C), the slope and the intercept of which yield the values of n and A, 
respectively. 
 
(3) Ozawa method [24] 
 Ozawa has developed the following Eqn. 4.18: 
 
 ( ) 

−−−≈−∫ RTERTAECdC
C
n 4567.0315.2loglog1
log
0
β  …(4.18) 
 
 The plot of log β against 1/T would be a straight line for the fixed values 
of conversion; the slope is equal to –0.4567(E/R). 
 
 
 
 
 
 
 
 
 
 
 
 
24.  T. Ozawa,  Bull. Chem. Soc. Jap., 38, 1881, 1965. 
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CHAPTER - 5 
PREPARATION OF 
GLASS FIBER REINFORCED 
COMPOSITES 
 
 
 
 
 
INTRODUCTION 
Materials have such an influence on our lives that historical period of 
human kind have been dominated. With the advent of modern civilization 
mankind has developed newer materials according to their needs. They have 
introduced advanced materials for improving their living standard. Over the 
last forty years, composites, plastics and ceramics have been the dominant 
emerging materials. The term composite is defined as “The combination of 
two or more reinforcing materials by suitable matrices (resin) to fabricate the 
articles, which are superior to those of individual constituents”. It consists of 
two major ingredients viz: reinforcing and matrix materials. A successive load 
transform from matrix to reinforcement and again to matrix makes composites 
to be used in load bearing applications.  
 
Reinforcing fibers 
 The base of the composite is fibers. It is often called reinforcing 
materials. A strength of composite is mainly depends upon the nature of 
reinforcing fibers. There is a broad classification of reinforcing fibers but 
mainly they are classified according to their origin i.e. synthetic or natural 
fibers. They are available in different forms such as woven, non-woven or 
randomly oriented in more than one direction. 
 Different job calls different fibers, depending upon the mode of 
application, selection of fibers are made. Especially for engineering and high 
performance applications, synthetic fibers are called for the job. The fibers like 
glass, aramid, Kevlar, carbon, spectra (PE-fibers) etc are popular for load 
bearing applications. Each fiber has specific features that suit the 
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requirement. The glass fiber is most popular due to low price and suitable for 
engineering applications. Where cost is no factor, one can use strong fibers 
like Kevlar, aramid, carbon and spectra fibers. 
Glass fibers are generally used in the manufacture of reinforced plastic 
laminates. Other composite structure have employed fibers made of silicon 
carbide, boron sapphire, quartz, graphite and carbon. Many different types of 
glasses are available, which can be converted into usable fibers, however, for 
commercial reasons only a few basic compositions are used. At one time 
alkali glass (A-glass) was quite common as the basic material for glass fiber 
production. Today this has been virtually completely suppressed by electrical 
grade glass (E-glass). E-glass with very low alkali content (borosilicate glass), 
which provides good electrical and mechanical properties, coupled with good 
chemical resistance. Another glass produced in commercial quantities of fiber 
production is C-glass, a special chemical resistant glass. This is used in 
manufacture of the surfacing tissues to provide additional chemical resistance 
over E-glass. For specific applications ‘R’ and ‘S’ glasses are available as 
fibers. These are high strength glasses used mostly for aerospace 
applications [1].  
 The other cheap option for composite application is natural fibers in its 
raw form, originated directly from nature. When cost does the factor and high 
strength is not required, the final choice would be the natural fibers for 
reinforcement. A moderate mechanical properties, cheapness and easily 
renewable source are the features for them. Thus, diversified use of natural 
  
1. R. G. Weatherhead “FRP Technology” Applied Science Publishers Ltd.,  London. 
 1980. 
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fibers has been evaluated apart from their conventional uses. Today 
researchers have been utilizing natural fibers for composite reinforcement like 
jute, hemp, flex, sisal, coir, sugarcane, palm, husk from rice and wheat, etc. 
for cheap solution of composite fabrication in the less demanding fields.  
 
Matrices 
 The role of matrix (resin) is to hold reinforcement together. A loose 
bundle of fibers would not be of much use. In addition, though the fibers are 
strong, they can be brittle but matrix can absorb energy by deforming under 
stress. Thus, matrix adds toughness to the composites. Depending upon the 
properties required, different matrix materials are being used viz: epoxy, 
phenolic, unsaturated polyester, polyurethane, polyimide, etc. When going for 
cheaper application, phenolic and epoxy systems are used in combination 
with glass fibers with decent properties. Unsaturated polyester resin is being 
used in combination with glass woven cloth for composite fabrication, but 
restricts their use due to high shrinkage when cured, more moisture 
absorption, lower impact strength and low chemical resistance. 
 Another low cost system is vinyl ester resin derived from esterification 
of diepoxide with acrylic and methacrylic acids results in vinyl ester epoxy 
resin that is curable with vinyl monomers like styrene and divinyl benzene by 
free radical mechanism. Such a low cost system is advantageous over 
unsaturated polyester resin due to low shrinkage, low moisture absorption and 
good chemical resistance. The comparison of  different matrices is given in 
Table 5.1.   
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Table 5.1: A comparative properties of matrix materials 
 
 
Property Epoxy Polyester Phenolic 
Mechanism Resin + Hardener Free- radical Self / Catalytic 
Lamination pressure ~ 25-100 psi ~ 25-100 psi ~ 25-1000 psi 
Curing Temp., 0C 25-150 25-100 25-170 
Cure time (min.) 60-180 10-60 60-180 
Shrinkage Low Fair Poor 
Adhesion to metal Excellent High High 
Adhesion to wood Good Fair Fair 
Adhesion to 
concrete 
Excellent Fair Poor 
Electrical properties Excellent Excellent Good 
Laminate cost Moderate Moderate Low 
Heat resistance Excellent Excellent Best 
For real high temperature applications such as space shuttles, 
vehicles, etc. traveling beyond the velocity of sound, a great deal of air friction 
is produced on the surface of the object that generates extreme heat. Special 
kinds of matrix system, namely, polyimide, bismaleimide or polybenzoxazole 
are being widely used.   
The selection of resin that depends on property required in a final 
composites. Since a single resin system may not satisfy all the requirements 
of designer, a certain amount of compromise has to be carried out. However, 
when epoxy system taken into consideration, undoubtedly induce interest in 
the users are 
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• Ability to cure rapidly or slowly 
• Ability to be processed by variety of techniques; conventional or typical 
• Absence of volatile during cure 
• Low shrinkage 
• Outstanding toughness, good chemical resistance and excellent 
electrical insulation 
Because of a wide range of resins, curing agents and modifying 
agents, it is also possible to tailor the epoxy system to cure rapidly or slowly to 
yield end products with desired properties, over the temperature range of 0 to 
200 0C. The fiber reinforced epoxy system though can be used extensively in 
various applications chiefly in electrical and electronic industries for insulating 
tubing and printed circuit boards, in the chemical, oil and tanks, pipes, in 
aerospace industries. 
 
Significance of composites 
 Composites are able to meet diverse design requirement with 
significant weight saving as well as high strength to weight ratio as compared 
to conventional materials. Some advantages of composite materials over 
conventional materials are 
• Tensile strength of composite is four to six times greater than that of 
steel or aluminium 
• Improved torsional stiffness and impact properties  
• Composites have greater fatigue endurance limit (up to 60% of the 
ultimate tensile strength) 
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• Composite materials are 30-45% lighter than aluminium structures 
designed to the same functional requirement 
•  Lower embedded energy as compared to other structural materials like 
steel, aluminium 
• Composites have lower vibration transmission than metal 
• Long life offers excellent fatigue, impact, environmental resistance and 
reduced maintenance 
• Composites enjoy reduced life cycle cost as compared to metals 
• Improved appearance with smooth surface and wood like finish 
In addition to this, composite parts can eliminate joints and fasteners 
providing integrated design and fabrication of complex articles. FRP’s have 
higher strength capabilities and less susceptible to environmental degradation 
in saline environment, which curtails the life of conventional structures. 
Additionally FRP’s has strength to weight ratio of 50 times higher than that of 
steel. 
 
Applications of composites 
(1) Composites for structural applications 
 Such a wonder material has been used in construction industries 
ranging from structural gratings to full structural systems for industrial support, 
buildings, long span roof, tanks, bridges, and buildings. Composite represents 
immense opportunity to play increasing role as alternative material to replace 
timber, wood, steel, aluminium and concrete buildings. 
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(2) Road and bridges 
 Bridges account for a major sector of the construction industries and 
have attracted strong interest for the utilization of high performance FRP. It is 
found quite suitable for repair, seismic retrofitting and up gradation of concrete 
bridges as a way to extend the service life of existing structures. It is also 
being considered as an economic solution for new bridges structure.  The 
commercial validity for repairs has been proven in Europe, Japan and North 
America. The composite bridge decks are fairly suitable for replacing 
conventional/old bridge decks having super structure intact. The replacement 
can save time without disturbance of traffic. 
 
(3) Pultruded profiles      
 Among the wide array of composite products, pultruded profiles such 
as gratings, ladders, cable trays, solid rods and other sections are used in 
many structural applications. With class I flame retardancy, pultruded sections 
are well-established alternatives to steel, wood and other metals. Structural 
sections have ready market in oil exploration rings, chemical industries, etc. 
The pultruded profiles are already being recognized as a commodity in the 
international market for construction. Mechanical properties of pultruded 
profile vs other structural materials are listed in Table-5.2. 
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Table 5.2: Mechanical properties of FRP vs other  conventional 
         materials 
 
Pultruded 
FRP Mechanical 
Properties 
Polyester 
Vinyl 
Ester 
Rigid 
PVC 
Mild 
Steel 
Stainless 
Steel 
Wood 
Tensile strength 
(N/mm2) 
382 401 44 340 340 80 
Flexural strength 
(N/mm2) 
468 508 70 380 380 12 
Izod impact 
strength (Kg-
m/cm) 
1.36 1.63 0.09 1.5 0.53 - 
Specific gravity 
 
1.80 1.80 1.38 7.8 7.92 0.52 
Safe working 
Temp. (0C) 
120 170 55 600 600 160 
(4) Power transmission 
 High voltage electrical transmission towers are now being constructed 
from pultruded composite section, which eliminates the use of fasteners and 
adhesives. Due to its lightweight and easy transportations to required places 
to remote areas permits easy accessibility. 
(5) Composite as a building material 
 Composite is an ideal material for the manufacture of prefabricated 
modular buildings as well as for exterior cladding panels. In interior 
applications, composites are used in the manufacture of shower enclosures 
and trays, baths, sinks, etc.  
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Composite plates are successfully used to repair masonry beams, 
columns, buildings and other structural damages by natural calamities like 
flood, earthquake and cyclones. Composite reinforced bars may be used to 
replace steel in conventional reinforced concrete in order to prevent “concrete 
cancer” problems resulting from internal corrosion of reinforcement. Now a 
days epoxy mortars have replaced heavy weight cement mortars due to 
lightweight, corrosion resistance and good moisture protection to structures. A 
comparative mechanical properties of epoxy mortars with cement mortar is 
given in Table-5.3.  
Table 5.3: A comparative properties of epoxy and cement mortar               
Property Epoxy mortar Cement mortar 
Density 2000 kg/m2 2400 kg/m2 
Compressive 
strength 
90-110 N/mm2 40 N/mm2 
Flexural strength 25-35 N/mm2 5 N/mm2 
Modulus of 
elasticity 
15000 N/mm2 30000-40000 N/mm2 
Co-efficient of 
linear expansion 
25.40 x 10 -6 cm/cm0C 10.15 x 10 -6 cm/cm0C 
 
Composites in bio medical applications 
 Since portion of human body is a part of composite structure, the use 
of composite materials to mimic the human body structure is needed. The use 
of composites and related advance technology gives the possibility to design 
biomaterials and implants having physical properties similar to the natural 
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structure. Composites as a biomedical application need to be explored in the 
following fields: 
• Composite materials for orthopedics application (hip joints, plates and 
nails) 
• Composite dental implants 
• Tissue engineering 
• Polymers for surgery applications  
Several researchers have published their research work by taking 
various reinforcing materials. Amongst all synthetic fibers, glass fiber 
becomes the choice for composite designers. This wonder base can achieve 
a good agreement between cost and properties. Glass fiber woven fabric of 
varying mesh size is a cheap solution for composite fabrication as it serves 
high performance applications as well as for low cost household appliances.  
 CIBA Ltd. [2] has developed epoxy composite reinforced with glass 
fabric. The epoxy resin used was prepared by combination of cycloaliphatic 
epoxide and polycarboxylic anhydride. Laminates reinforced with glass fabric 
were also prepared by gelling a mixture of 3,4-epoxy cyclohexyl and 3,4-
epoxy cyclohexyl carboxylate and hexahydro phthalic anhydride at 1600C 
followed by 12h hardening at 1250C. 
 Bremmer [3] has fabricated glass cloth laminates from bisphenol 
diglycidyl ether and epoxidized novolacs. An epoxy compound containing 10- 
 
2. IBA Ltd., “Epoxy resin reinforced with glass fibers”, Fr. 1,491,254 (1965); C.A. 68, 
105779, 1968. 
3. B. J. Bremmer, (Dow Chemicals Co.) “Epoxy resins from a bisphenol diglycidyl ether, 
an epoxidized novolak of bisphenols”, U.S. 3,367,990 (1963); C.A. 68, 69718, 1968. 
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35 parts bisphenol-A with mixture containing 15-89 parts dihydro diglycidyl 
ether resin and 1-50 parts epoxidized novolac (I) in the presence of an 
aliphatic tertiary amine has increased reactivity without degradation of 
physical properties. A glass cloth was impregnated into typical resin solution 
and kept in oven for 6 min at 300-3120F to form a laminate. 
 Kolek [4] has fabricated resinous-micro sphere-glass fiber composite. A 
cylindrical filament wound glass fiber resin composite with improved weight to 
strength ratio and useful as rocket cases and fuel storage tanks. Such articles 
can be prepared by coating hollow glass filaments with as epoxy resin 
solution at 110-3200F. 
 Lowrie [5] has fabricated high strength glass fiber composites. The 
physical and mechanical properties of glass fibers used in the reinforcement  
of plastic parts are reviewed. The mechanism in the weakening of glass fibers 
on heat treatment and their corrosion by water is explained. 
 Kalwin [6] has reported the glass fiber reinforced composites with 
enhanced longitudinal tensile and compressive moduli. Epoxy resin was used 
as matrix material and additional carbon fibers were placed in between 4-plies 
of s-glass fibers. Such composite had longitudinal tensile modulus 16.0 x 106 
psi and compressive modulus 12.5 x 106 psi.  
 
4. Kolek, L. Robert “Resinous microsphere glass fiber composite”, U.S. 3,769,126 
(1970); C.A. 80, 48733, 1974. 
5. Lowrie, E. Robert “Glass fiber for high strength composites”, Mod. Compos. Mater 
270-323 (1967); C.A. 70, 14067, 1969. 
6. Kalwin and L. Ilmar “Glass fiber reinforced composite exhibiting enhanced 
longitudinal tensile and compressive moduli”, U.S. 3,691,000 (1971); C.A. 77, 
165732, 1972. 
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 Fasbender [7] has prepared epoxy-laminate that can be used as 
electrical applications such as printed circuit boards. The glass silk fabric, 
which was coated on both the sides with 50 parts hardenable epoxy resin 
containing dicyandiamine. The conductive system can be incorporated by 
stamping on the composites. 
 Sanjana [8] has prepared laminates with increased flexural strength by 
incorporating poly glycidyl ether of phenol-formaldehyde novolac (DEN 431), 
nadic methyl anhydride and benzophenonetetracarboxylic dianhydride in 
organic solvent and hot pressing. 
 Saint-Gobain Industries [9] has reported sheet-molding compound. An 
impregnating composition (7.8% solids, pH 4-5) was prepared from an 
aqueous solution of bisphenol-A-epichlorohydrin copolymer (I) modified with 
diethanol amine and polyethylene glycol mono-oleat, acrylic acid-
ethylacrylate-glycidyl methacrylate copolymer, silane coupler, hydrogenated 
caster oil and water as an emulsifying medium. The glass fibers were 
impregnated with above composition. The laminate was prepared at 1300C for 
12 h under compression press in which the fiber was not visible. 
 The most significant modification of epoxy resins for laminating are 
those concerned with the structure of resin and their curing agents. In 
laminating with epoxy resins there are several principle considered like  
7. Fasbender and Helmut “Recessed printed circuits”, Ger. 2,118,591 (1971); C.A. 78, 
30982, 1973. 
8. Z. N. Sanjana “Epoxy laminating materials”, U.S. 3,989,573 (1976); C.A. 86, 44492, 
1977. 
9. Saint-Gobain Industries “Preimpregnated glass fibers for sheet molding compounds” 
Jpn. Kokai Tokkyo Koho  79, 27,096 (1977); C.A.  92, 7541, 1980. 
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viscosity and its effects on processing, cure temperature and time, the 
properties of the finished laminates and for prepregs, resin content, volatile 
content and flow under specific conditions. Most commercial epoxy laminating 
system for prepregs involves more than one epoxy resin to achieve a balance 
of properties.   
  Kanegafuchi Chemical Industries Co. Ltd. [10] has prepared the 
laminate of glass prepregs containing 55-70% epoxy resin. The laminates are 
heat resistant and useful for electrical insulator and in printed circuit boards. 
 Mukherjee [11] has studied comparison of heat distortion temperature 
of different resins with different hardeners and concluded that it is possible to 
achieve a good performance at higher temperature with newly developed 
resins. 
The epoxy resin system for wet lay–up technique should be of low to 
medium viscosity and preferably a room temperature curing, especially, where 
heat curing is not possible due to the size and site conditions. Oven cure is 
however used for such items, which can be easily handled. 
 
 
 
 
 
 
10. Kanegafuchi Chemical Industry Co. Ltd., “Laminates of glass containing epoxy resin”, 
Jpn. Kokai Tokkyo Koho JP 82 13, 793 (1982); C.A. 96, 182419, 1982. 
11. D. K. Mukharjee; “Polymer And Composites, Recent Trends”, Oxford and IBH 
Publishing Co. Pvt. Ltd., New Delhi, p 215, 1989. 
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EXPERIMENTAL 
 BCF, EBF and EMF composites were prepared by using bisphenol-C-
formaldehyde resin, EBC and EMBC as matrix materials. In the case of EBF 
and EMF composites, the BCF resin was used as a curing agent. The detailed 
procedure is described as under. 
 Equiquantity of BCF (8.75 g) and EBC/EMBC (8.75 g) of 50% silane 
treated glass fabric was dissolved in 50 ml acetone and the resultant solution 
was applied to 15cm x 15cm glass cloth by a hand layout technique and dried 
in air to evaporate acetone. The eight such air dried prepregs were staked 
one over another and pressed between two preheated steel plates at 150oC 
under 2 tons/in2 pressure for 2h and at room temperature for 22 h. Silicon 
mold releasing spray was used as a mold releasing agent. The composites 
are hereafter designated as EBF and EMF. The glass content in the 
composites was determined by a gravimetric method. The observed values 
for BCF, EBF and EMF glass composites are 54.1, 56.6 and 54.3% 
respectively. Similarly BCF composites was prepared by taking 50% BCF of 
silane treated glass fabric and designated as BCF composite. 
 The resultant composite samples were used for their mechanical and 
electrical properties measurements according to stated ASTM methods. 
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RESULTS AND DISCUSSION 
Self-curing of BCF resin 
 
 Heat curing of BCF may occur via the quinone methide formation with 
elimination of water and formaldehyde resulting in ladder type structure 
(scheme-I). 
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Curing reactions of mixed resins 
 Methylol groups of BCF react with epoxy resin via the epoxide group 
and any hydroxyl groups present on the epoxy resin molecule in addition to 
self curing of methylol groups.  
Curing of BCF with epoxy resin 
 
CH2OH
+ O
OH OH
CH2 O CH2 CH
OH
CH2OH
OH
+
CH
OH
CH
O CH2
OH
 
 
 During fibre reinforced composites preparation under the action of heat 
and pressure the reaction between methylol and epoxy groups as well as self-
curing of methylol groups are most likely as compared to second reaction. A 
powerful adhesion with glass fibres is expected due to presence of more 
number of free phenolic and aliphatic –OH groups.  
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CHAPTER - 6 
PHYSICO-CHEMICAL  
PROPERTIES OF COMPOSITES 
 
 
 
 
 
 
 The physico-chemical properties include the study of mechanical, 
electrical and chemical properties of polymeric material. The effect of 
molecular weight upon physical properties in general, are among the most 
frequently studied and described by researchers, while the electrical 
properties of the polymeric material are most significant, particularly when 
polymers are subjected to high electrical field. Infect, most polymers are 
excellent electrical insulators, and display high electrical resistance. The small 
amount of conductivity that is observed due to electrolytic motion of ionic 
impurities in the polymers. The chemical properties of polymers include the 
study of various parameters such as solubility, extraction, stress cracking, 
reactivity, ageing, swelling, absorption, permeability and resistance to different 
chemical environment.   
 
The mechanical properties may best be divided into three sections: 
(1) Reversible rigidity/flexibility or modulus, which measures the stiffness 
of the polymer 
 
(2) Mechanical failure by yielding (Permanent deformation) or breaking at 
low or high rates of test or under a multiple cyclic stress 
 
(3) Complex mechanical properties involving a combination of these 
simpler processes 
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SECTION-I: MECHANICAL AND ELECTRICAL PROPERTIES OF     
             COMPOSITES 
Mechanical properties 
 Recently, composites are being widely used as load bearing and 
engineering applications by allowing various synthetic fibers of high strength 
as a base for composite fabrication. By selection of appropriate matrix-
reinforcing systems, desired properties can be achieved.  
 During the service, composite has to suffer the cyclic stress, tensile, 
flexural, impact forces, bending, friction, wear and different type of stresses on 
it. Depending upon the mode of application, composite must be mechanically 
strong to suit the job. The geometrical response to loading leads to a wide 
range of mechanical properties grouped under stress-strain properties, visco-
elasticity and failure properties. The various mechanical properties of 
composite depend upon following factors: 
• Type of reinforcing fiber 
• Type of curing mechanism and density of curing 
• Fiber-matrix adhesion 
• Time and temperature of cure 
• Molecular weight of polymer 
The mechanical behavior of polymers can be divided into three main 
groups: (I) Elastic (II) Plastic and (III) Brittle. The same sample can behave as 
a brittle, tough or rubber-like above and below the glass transition 
temperature. Slow rate of testing will simulate stiffer molecules and harder 
properties. The mechanical tests are classified as impact, tensile, flexural, 
hardness, etc. based on applied deforming stress. 
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 Mechanical properties of epoxy glass cloth laminates prepared by 
using diamino diphenyl methane under pressure of 2.75 MPa (400 lbf/in2) for 
1h at 1600C and post cured at 600C for 8 h are described in Table 6.1  
 
Table 6.1: Mechanical properties of epoxy-glass cloth laminates 
Properties 
Resin A Mol. 
Wt. 1000 
Resin B Mol. Wt. 
1500 
Tensile strength 
(103 lbf/in2) 
52-59 61-66 
(MPa) 360-410 420-450 
Tensile modulus 
(106 lbf/in2) 
2.9-3.4 3.5-4.0 
(MPa) 20000-24000 24500-28000 
Flexural strength 
(103 lbf/in2) 250C 
80-85 95-100 
1270C 69-74 70-75 
(MPa)   250C 
            1270C 
550-585 
475-510 
650-690 
482-517 
Flexural modulus 
(106 lbf/in2) 250C 
3.6-3.9 4.4-4.6 
 (MPa) 24800-26900 30300-31700 
 
 Kawashima et al. [1] have compared the mechanical properties of 
unsaturated polyester, phenolic and epoxy glass composites. The flexural 
strength and flexural modulus of elasticity of carbon fiber reinforced resin   
 
1. Kawashima, Chihiro, Ogasahar, Hitoshi, Abe, Hiroaki “Mechanical properties of 
various system composed of carbon fiber polyester, epoxy, phenol resin matrices”,  
Kogaku Hokoku, 8, 659-68 (1969); C.A. 73, 15645, 1970. 
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lower than those of glass fiber reinforced resins. Tensile strength of the 
carbon fiber composite was 14.7 kg/cm2 and that of the glass fiber 33.9 
kg/cm2. The flexural strength and modulus of carbon fiber reinforced resin 
were similar to those of resins without addition of carbon fibers. 
 Simeonov and Yamboliev [2] have reported glass-fiber reinforced 
phenolic resin laminates having high mechanical strength and low 
deformability and are recommended for use as construction materials. 
 Danier and Liber [3] have compared the mechanical properties of 
composites having different reinforcements. In a typical study, unidirectional 
composites specimen of boron-epoxy, graphite-epoxy, S-glass-epoxy and 
Kevlar-epoxy were tested for longitudinal, transverse and interlaminar (in-
plane) shear properties. In the longitudinal direction, the Kevlar-epoxy 
composites showed definite increase in both modulus and strength with strain 
rate, while interlaminar shear moduli and strength of boron-epoxy and 
graphite-epoxy composites showed definite increase in strength with strain 
rate. 
 Nightingle and Day [4] have investigated the use of two epoxy systems, 
where the choice of resin and hardener was based on their measured 
2. Simeonov. I, Yamboliev K “Deformability and bending and compressive strength of a 
type of laminated glass fiber reinforced plastics”, Fiz-Khim. Mekh. 2, 19-30 (1976); 
C.A. 86, 122182, 1977. 
3. I. M. Danier and T. Liber “Strain rate effects on mechanical properties of fiber 
composites” Sci. Tech. Aerosp. Rep. 15(2), Abst. No. N 77-11116, (1977); C.A. 86, 
122452, 1977. 
4. C. Nightingle and R. J. Day “Flexural and interlaminar shear strength properties of 
carbon fiber/epoxy composites cured thermally and microwave radiation”, Composite 
Part: A, 33, 1021-1030, 2002. 
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dielectric loss factors. First system contained resin and hardener with higher 
dielectric loss factors, while second system with lower dielectric loss factors. 
Unidirectional carbon fibre composites were prepared from both systems. 
Curing system employed were (I) autoclave (II) partial autoclave followed by 
microwave post-curing and (III) microwave curing. The flexural and 
interlaminar shear strength properties were measured and compared for all 
fabricated composites. 
    Abraham et al. [5] have studied physical properties such as tensile, 
flexural, interlaminar shear strength, void content and thickness variation of 
glass fiber- epoxy composites. The comparison are reported for composite 
samples of similar resin and fiber systems, which were processed using the 
wet-lay-up with autoclave consolidation and resin transfer molding by vacuum 
impregnation. 
 Yang et al. [6] have studied mechanical properties such as bending, 
compression and shear behavior of woven glass fiber-epoxy composites. The 
mechanical properties were studied by failure mechanism through- the-
thickness-stitched plain wave and unstitched plain wave glass-epoxy 
composites. Unstitched plain wave and biaxial non-crimp fabrics were used 
for comparison. Composite panels were fabricated using resin transfer 
molding. Bending strength and delamination resistance were measured. 
5. D. Abraham, S. Matthews and R. Mcllhagger “Comparison of physical properties of 
glass fiber epoxy composites produced by wet lay-up with autoclave consolidation 
and resin transfer molding”, Composite Part: A, 29, 795-801, 1998. 
6. B. Yang, V. Kozey, S. Adanur and S. Kumar “Bending, compression and shear 
behavior of woven glass fiber-epoxy composites”, Composite Part: B, 31, 715-721, 
2000. 
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Composites made from through-the-thickness stitched fabrics demonstrated 
improved properties than unstitched fabrics. 
 Soni et al. [7] have reported the mechanical properties of carbon-fiber 
composites of diglycidyl ether of bisphenol-A and Bisphenol-C. The carbon 
fiber reinforced composites of conventional diglycidyl ether of bisphenol-A 
(DGEBA) and liquid diglycidyl ether of bisphenol-C (DGEBC) were prepared 
and their composites were fabricated. The mechanical properties such as 
flexural and interlaminar shear strength of both the composites were studied. 
They have concluded that the DGEBC system gives higher mechanical 
properties than DGEBA. 
 Kaelble [8] has reported the dynamic and tensile properties of epoxy 
resins. The dynamic mechanical and tensile deformation and ultimate 
properties are reported for two epoxy resins. The epoxy resins are 
stoichiometric proportion of diglycidyl ether of bisphenol-A with aromatic and 
aliphatic diamines curing agent. 
 Patel and Patel [9] have prepared the glass fiber reinforced epoxy 
composites from matrix resin such as tetra glycidyl diaminodiphenyl methane 
and tetra glycidyl bis(o-toluidino)-methane using various amine like DDM, 
DDS, and DETA as curing agents. The fabricated laminates were evaluated 
 
7. H. K. Soni, R. G. Patel and V. S. Patel “Structure, physical and mechanical properties 
of carbon fiber reinforced composites of diglycidyl ether of bisphenol-A and 
bisphenol-C”, Angewandte Makromolekular Chemie, 211, 1-8, 2003. 
8. D. H. Kaelble “Dynamic and tensile properties of epoxy resins”, J. of Appl. Polym. 
Sci., 9, 1213-1223, 2003. 
9. S. R. Patel and R. G. Patel “Glass fiber reinforced epoxy composites”, Angewandte 
Makromolekular Chemie, 197, 141-147, 2003. 
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for their mechanical and dielectrical properties and chemical resistance. The 
composites prepared using an epoxy fortifier (20phr) showed significant 
improvement in the mechanical properties. 
 
Electrical Properties 
Most plastic materials are considered to be electrical insulators i.e. they 
are able to withstand a potential difference between different points of a given 
piece of material with the passage of only small electrical current and low 
dissipation energy. When assessing a potential insulating material, 
information on the following properties will be required. 
• Dielectric constant (specific inductive capacity, relative 
permeability) over a wide range of temperature and frequencies 
• Power factor over a range of temperature and frequency 
• Dielectric strength (usually measured in V/0.001 in or KV/cm) 
• Volume resistivity (usually measured in Ω cm or Ω m) 
• Surface resistivity (usually measured in Ω) 
• Tracking and arc resistance 
The electrical properties of polymer materials are of considerable 
importance where plastics are used in or near electrical equipments as 
insulating materials, supporting assemblies, connectors, housing, etc. The 
use of polymers in engineering as dielectrics is becoming increasingly 
important. The choice of polymeric dielectrics for each concrete case depends 
on its dielectric and other physical properties over a wide range of 
temperatures and electrical field frequencies. Investigations of dielectric 
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properties are most important for studying polymer structure. Typical electrical 
properties of some selected plastic materials are reported in Table 6.2 
Davis William [10] has prepared laminates that can be used as 
electrical components. Thus, bisphenol-A-diglycidyl ether–tetra 
bromobisphenol –A copolymer cured with a dihydric phenolic compound in the 
presence of quaternary ammonium hydroxide catalyst. Such laminates can 
withstand hot soldering. 
Table 6.2: Electrical properties of some selected polymers 
Dielectric constant Power factor 
Polymer 
Volume 
resistivity 
(Ω cm) 
Dielectric 
strength 
(KV/cm) 
60 Hz 106 Hz 60 Hz 106 Hz 
PTFE >1020 180 2.1 2.1 <0.0003 <0.0003 
PE 1020 180 2.3 2.3 <0.0003 <0.0003 
PS 1020 240 2.55 2.55 <0.0003 <0.0003 
PP >1019 320 2.15 2.15 0.0008 0.0004 
PMMA 1016 140 3.7 3.0 0.06 0.02 
PVC 1017 240 3.2 2.9 0.013 0.016 
Nylon 66 1015 145 4.0 3.4 0.014 0.04 
PC 1018 160 3.17 2.96 0.0009 0.01 
Phenolic 1013 100 5.0-9.0 5.0 0.08 0.04 
Urea 
Formaldehyde 
1014 120 4.0 4.5 0.04 0.3 
 
10 Davis William (Dow Chemicals Co.), “Resin impregnated substrates for use in 
preparing electrical laminates” U.S. 4, 168, 337 (1979); C.A. 92, 23850, 1980. 
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Kodai et al. [11] have fabricated glass fiber reinforced cast electrical 
insulators. Such laminates can be prepared by forming a tube from glass 
fabric impregnated with thermosetting resin and exposing the tube to UV light 
for curing.  
Ebihara et al. [12] have fabricated laminates for household electrical 
appliances. In a typical composition, the addition of tetrabromo bisphenol-A-
diglycidyl ether and tricresyl phosphate to phenolic resins gives paper 
laminates with high flame retardancy, electrical insulation and low smoke 
generation. 
Instytut Tworzyw Sztuchznych [13] have reported electrical insulating 
material based on epoxy-novolac resin system. A laminate was prepared by 
coating glass, rayon or cotton fabrics with a solution of novolac (< 1% free 
phenol), low molecular weight epoxy resin, polyester resin, diethylene glycol 
polyadipate (-OH no. 50) with pyromellitic dianhydride. The fabrics were 
impregnated in a resin solution and dried. The fabrics were cut, arranged in 
layers and pressed under 40 kg/cm2 at 1500C for 6 min. The resulting 
laminate has good electrical properties. 
 
11. Kodai, Shojiro, Murakami, Yasutake, Suzuki, Yasuhiro “Glass-fiber reinforced cast 
electrical insulators”, Japan Kokai Tokkyo Koho 79,135,881 (1978); C.A. 92, 95294, 
1980. 
12 Ebihara, Naobumi, Handa, Takashi, Yoshinawa, Shuji, Nagashima, Toshiaki, 
Vamamoto, Hirochika, Trushima, Hidetoshi “Flame retardant paper base phenol 
laminate for household electrical appliances”, Electron Mater. 1, 19-59 (1980); C.A. 
92, 216379, 1980. 
13. Instytut Tworzyw Sztucznych “Elastic electrical insulating material”, Pol. 51,092 
(1966); C.A. 67, 44560, 1967. 
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Tsotra and Friedrich [14] have reported electrical and mechanical 
properties of functionally graded epoxy-resin/glass fiber composites. The 
electrical conductivity was determined by the two-point probe method. 
Comparing the values of volume content and electrical conductivity in the 
direction of the centrifugal force, it is clear that these two properties of the 
material are closely related. The influence of fillers on the mechanical 
properties of the material was also studied. Furthermore, a fiber content 
model was used to describe the electrical conductivity of the composites. 
Li [15] have characterized E-glass/epoxy composites for dielectric and 
mechanical properties. They have proposed that dielectric measurements can 
be used to provide substantial information related to cure propagation in 
composites, as well as on the degradation due to moisture uptake. 
Nixdorf and Busse [16] have reported the dielectric properties of glass 
fiber-reinforced epoxy resin during polymerization. The change in dielectric 
properties of thermosets between 10Hz and 1 MHz permits monitoring the 
cure reaction. 
 
 
 
14.  P. Tsotra and K. Friedrich  “Electrical and mechanical properties of functionally 
graded epoxy-resin/carbon fiber composites”, Composite Part: A, 34, 75-82, 2003. 
15.  Y. Li., M. Cordovez and V. M. Karbhari “Dielectric and mechanical characterization of 
processing and moisture uptake effects in E-glass/epoxy composites”, Composite 
Part: B, 34, 383-390, 2003. 
16.  K. Nixdorf and G. Busse “Dielectric properties of glass-fiber reinforced epoxy resin 
during polymerization”, Composite Science and Technology, 61, 889-894, 2001. 
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In order to study the dielectric properties of composites, an ideal 
contact should be satisfied the certain conditions.  
(1) It should not induce a resistance to the flow of the current  
(2) It should not react chemically with semi conducting material 
(3) The contact properties should not be affected by variation of ambient 
conditions like illumination, temperature, electrical field, etc.  
(4) The Ohm’s low should apply to the semiconductor with contacts 
 
 The working voltage applied to an electrical insulating material must be 
much lower than the voltage, which causes the material rupture. Electrical 
discharge through a material at a minimum voltage called break down or 
disruptive voltage Vbr [17]. In some cases voltage lower than the break down 
voltage give rise to a surface discharge that dose not penetrate deep into the 
bulk of a material. This is a surface or creeping, breakdown occurring at a 
surface break down voltage.  
The basic characteristic of an electrical insulating material is its 
breakdown or dielectric strength Ebr (also called electric strength), which is a 
minimum strength of the uniform electric field that causes dielectric 
breakdown. The calculation of breakdown strength calls for measuring the 
breakdown voltage of the material under test. 
The breakdown voltage (Ubr) is proportional to the electric field strength 
(Ebr) only if the field is uniform. Such a field exists between two electrodes, 
which have the shape of the bodies of revolution, the surface of these 
electrodes may be described by Rogovsky equations [17]. 
17. O.  M.  Kazarnovasky, B.  M.  Tareev, I. O. Forsilova and L. I. Lybimov “Testing of 
electrical insulating materials”, Mir Publishers, Moscow,  1982. 
 
152 
 It is common practice to use electrodes of a simple shape in the form of 
discs with rounded edges or as spheres; the field produced between such 
electrodes is very nearly uniform under certain conditions in a uniform field. 
t
U
E brbr =                                           …6.1 
where ‘t’ is the thickness of the material. Thus, the determination of 
break down voltage allows calculation of dielectric strength with measure of 
the thickness of the specimen at the point of rupture. The dielectric strength is 
expressed in volts per mil (0.001 in) or volts per millimeter. 
 There are several factors affecting dielectric breakdown strength. In 
general, the breakdown voltage tends to decrease with increasing electrode 
area. Geometry and the material of the electrodes also affect the results. 
Such factors are [18]: 
¾ Specimen thickness 
¾ Temperature 
¾ Amount of moisture 
¾ Time of voltage application 
¾ Extent of ageing 
¾ Frequency of current 
 
 Dielectric strength determinations are used to determine uniformity of 
the material and the manufacturing process. Although such determinations 
are not adequate for design purposes, they do give some relative indication of  
 
18. A. B. Mathur and I. S. Bhardwaj “Testing and Evaluation of Plastics”, Allied Publishers 
Pvt. Ltd., 2003. 
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amount of insulating material that will be required to support a certain voltage 
level. Flexible plastics characterized by high dielectric and mechanical 
strength in thin sections are useful as insulating taps. 
 
EXPERIMENTAL 
 For tensile strength, electric strength and volume resistivity 
measurements, composites of suitable dimensions were cut for the said 
study. The tensile strength measurements were made on an Instron Universal 
Testing Machine, Model No.1185, at a testing speed of 50mm/min according 
to IS: 11298-pt-287. The electric strength measurements were made on a 
high voltage tester (Automatic Electric Mumbai) in oil at 270C by using 25/75 
mm brass electrodes according to IEC-243-pt-1-88.  The volume resistivity 
measurements at 250C were made on a Hewlett-Packard high resistance 
meter at 500 Volt DC and after charging for 60 sec. according to ASTM-D-
257-1992 method. The dielectric constant measurements were made on a 
Schering Bridge (Tettex Switzerland), according to ASTM-D-150-92.  
 
RESULTS AND DISSCUSSION 
The tensile strength of a material is the ratio of the stress applied to the 
material at the rupture to it’s original cross-sectional area. The property is 
typically called ultimate tensile strength i.e. the strength at break. The 
corresponding extension is called ultimate strain or ultimate elongation and is 
usually expressed as a percentage (%). The tensile strength of 1.1-1.2 mm 
thick BCF, EBF and EMF composites along with ER-1 and ER-2 glass 
composites is reported in Table 6.3 
 
154 
Table 6.3: Tensile strength of BCF, EBF and EMF 
 
Composite Thickness, mm Tensile strength (MPa) 
 
BCF 1.2 250 
 
EBF 1.2 197 
 
EMF 1.1 219 
 
ER-1 [19] 1.3 149 
 
ER-2 [19] 1.2 137 
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The mechanical properties of polymers are largely determined by 
molecular weight, degree of crosslinking, branching, segmental structure, 
morphology, the nature and extent of compounding, external conditions like 
temperature, loading rate, environmental conditions, etc. [20, 21]. 
The high tensile strength of BCF can be explained in terms of its 
molecular structure. It possesses the highest number of crosslinking sites (i.e. 
CH2OH groups). Crosslinking occurs randomly; and hence cured composition 
has more complicated network structure resulting in higher mechanical 
strength. In case of ER-1 and ER-2 resins, cross-linking takes place at the 
end of polymeric chains and at pendent –OH groups to some extent; because 
of this the resulting network structure is relatively flexible. 
The composites possess superior tensile strength (MPa) as compared 
to some useful plastics: nylon-66 (62-82.7), PMMA (48.3-75.8), PC (55.2-
65.5), PFR (50), PVC (49), PP (32), Teflon (13.8-34.5), cellulose acetate 
(13.1-62) and ABS (0.24-0.43). The mechanical properties are mainly 
dependent on the chemical structure of polymers. Thus ultimate tensile 
strength depends on the chemical structure of parent resin, nature of 
hardener, curing conditions, degree of polymerization, etc. 
 
19. M. R. Sanariya, V. M. Kagathara and P. H. Parsania “Mechanical and electrical 
properties and chemical resistance of laminates based on epoxy resins of bisphenol-
C”, J. of Polym. Mater, 17, 333-336, 2000. 
20. C. A. May and Y. A. Tanaka “Epoxy Resin chemistry and Technology,” T. F. Mika, 
(Ed.) Marcel Dekker, New York, 1973. 
21. R. G. Weatherhead “FRP Technology”, Applied Science Publishers, London, 1980. 
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 The electric strength (KV/mm), volume resistivity (Ωcm) and dielectric 
constant of BCF, EBF and EMF are reported in Table6.4 along with ER-1 and 
ER-2 composites. The electric strength of materials is affected by several 
factors like duration and the rate of voltage application, thickness, frequency 
of applied voltages, temperature, dimensions, geometry of the electrodes 
environmental conditions, etc [18]. 
It is observed from Table 6.4 that the observed trend in electric 
strength is BCF>ER-2>ER-1>EMF>EBF. The high electric strength of BCF 
accounted due to highly cross-linked structure. As cure progresses, 
increasing crosslinking immobilized the chain segments and dipoles, so 
thoroughly the groups no longer attempt to follow the alternation of the field 
resulting into high electric strength [22].  
Electric strength determination is used to determine uniformity of the material 
and the manufacturing process. Flexible plastics characterized by high 
dielectric constant and mechanical strength in thin sections are useful as 
insulating tapes. The volume resistivity (ρv) of a material is the ratio of the 
potential gradient parallel to the current in the material to the current density. 
 Among the all composite specimens, the observed trend of volume 
resistivity is ER-2>ER-1>EMF>EBF> BCF. The dielectric constant is the sole 
factor to determine insulating properties of the materials. Materials with high 
dielectric constant usually have relatively low electric resistance. The  
observed trend of dielectric constant is EMF>EBF>BCF. The side groups of 
the EMF resin are locked into fixed position in crystalline lattice and they can 
no longer respond to the electric field, resulting in decrease in dielectric 
constant [22]. 
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Table 6.4: Electrical properties of BCF, EBF and EMF composites 
                   
Composite 
Thickness   
(mm) 
Electric  
strength in 
air at 270C, 
(kV/mm) 
Volume  
resistivity, 
(Ωcm) 
Dielectric 
constant 
BCF 1.2 15.7 1.2 X 1012 4.2 
EBF 1.2 4.7 1.4 X 1014 3.3 
EMF 1.1 4.0 2.4 X 1014 3.1 
ER-1 [19] 1.3 5.4A 1.2 X 1015B - 
ER-2 [19] 1.2 6.1A 2.0 X 1016B - 
 
A : In oil at 270C 
B : At 250C 
 
 
 
 
 
 
 
 
 
 
22. R. D. Deanin, “Polymer Structure, Properties and Applications”  Cahners Publishing 
Company Inc, Boston, 1972. 
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It is observed from Table 6.4 that the BCF showed higher electric 
strength due to high crosslinking density and rigidity of structure. The electric 
strength of other composites is comparable due to flexibility of chains. The 
electric strength is also influenced by various factors such as duration and the 
rate of voltage applications, thickness of the samples, frequency of applied 
voltage, temperature, dimensions, geometry of electrodes, environmental 
conditions, etc.  
The volume resistivity (ρv) of a material is the ratio of the potential 
gradient parallel to the current in the material to the current density.   
The volume resistivity measurements are also useful for comparing the 
relative insulation quality for the purpose of material selection. 
 
Table 6.5: Classification of materials based on resistivity [18] 
Resistivity, (Ohm.cm) Class 
0 – 103 Conductor 
103 – 108 Partial conductor 
108 – 1018 (or higher) Insulator 
 
Comparing the data of Table 6.4 with above classification, it revels that 
all the composite samples are good insulators [18]. Moreover, the composites 
exhibit better volume resistivity compared to some useful plastics [23], such  
as acrylics (>1014), cellulose acetate (1012-1013), cellulose acetate butyrate 
(1010-1012), nylon-6 (1012-1013), unfilled PF (1011-1012) and filled PF (109-1012) 
resins. Thus, the composites signify their importance as excellent insulating 
materials. 
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Section-II: Chemical resistance of composites 
It is sometimes stated that a given material has a good chemical 
resistance or alternatively the material may be stated to be poor or excellent 
in this respect. The resistant to chemicals (acid, alkali, salt and water) is 
determined by change in weight method. The key role plays for chemical 
resistance is diffusion and permeability of reagents through composite 
specimen. The diffusion of a reagent through the polymer mass swells the 
composite and changes the dimensions. The reagent deeply penetrates and 
eventually disintegrates the mass. Diffusion through a composite occurs by 
the small molecules passing through voids and other gaps between the 
polymer molecules. 
The chemical stability of a plastic is evaluated by change in the mass, 
linear dimensions and mechanical properties of material in the state of stress 
free state and also by the tendency to splitting in the stress strain state after 
the samples have been exposed to reagents for a definite length of time [17, 
24]. 
The chemical resistance of a polymeric material is as good as it’s the 
weakest point. If it is intended that a polymeric material is to be used in the 
presence of a certain chemical environment then each ingredient must be 
unaffected by the chemical. In the case of a polymer molecule, its chemical 
reactivity will be determined by the nature of chemical groups present [25].  
 
23. P. Ghosh “Polymer Science and Technology of Plastics and Rubbers, Tata McGraw 
Hill, New Delhi, 1982. 
24. R. B. Seymour, “Treatise on Analytical Chemistry”, 3, 34-391, Inter Science 
Publication, New York. 
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In commercial polymeric materials there are a comparatively limited 
number of chemical structure to be found and it is possible to make some 
general observations about chemical reactivity. Ester, amide and carbonate 
groups are susceptible to hydrolysis when such groups are present in the 
main chain. Their hydrolysis results in a reduction of molecular weight. When 
hydrolysis occurs in a side chain, the effect on molecular weight is usually 
insignificant. The presence of benzene rings adjacent to these groups may 
offer some protection against hydrolysis except, where organophilic hydrolysis 
agents are employed. 
Hydroxyl groups are extremely reactive e.g. cellulose molecule and 
poly (vinyl alcohol). The –OH groups are highly susceptible to H-bonding. 
Benzene rings in the skeleton and on side groups can be subjected to 
substitution reactions [25]. 
There are various reagents used for chemical resistance of plastics. 
The recommended reagents for chemical resistance of polymers are reported 
in Table 6.6 
Several other reagents such as oleic acid, methanol, benzene, toluene, 
aniline, mineral oil, transformer oil, olive oil, kerosene, gasoline, turpentine, 
1% soap solution and other substances are being also used for specialized 
chemical resistances. 
 
 
 
 
25. J. A. Brydson “Plastics Materials” 6th Ed. Butterworth-Heinemann Ltd. 1995. 
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Table 6.6: The reagent recommended for testing chemical resistance of   
plastics 
         
Reagent Concentration (%) 
Sulfuric acid (1.84 g/cm3) 3,30,100 
Nitric acid (1.41 g/cm3) 10,40,100 
Hydrochloric acid (1.19 g/cm3) 10,100 
Chromic acid 40 
Acetic acid 5,100 
Citric acid 10 
Sodium hydroxide 1,10,60 
Sodium chloride 3,10 
Sodium hypochlorite 10 
Sodium carbonate 2,20 
Hydrogen peroxide 3,30 
Ethyl alcohol 50,96 
Phenol 5 
 
The most common methods used to determine chemical resistance are 
described below. 
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(1) Chemical resistance by change in mass method 
According to this method the change in the mass of a test specimen 
after exposure of a chosen reagents at temperature of 200, 400, 600 and 1000 
is determined. The test duration is dependent on the time required for plastic 
specimen to attain sorption, equilibrium, or to loose stability in the test 
medium. The specimens are weighed after 12, 24, 36, 48, 96 and 128h, and 
then after every seven days. The specimen that has passed the test may 
either loose or gain in mass. The chemical resistance of the material is 
determined by averaging the change in mass of several specimens. 
The test specimens for molded or extended plastics are in the form of a 
disc (50mm in diameter and 3mm in thickness). The specimens are cut from a 
laminated or sheet plastics, the end faces of laminated specimens are coated 
with same binder as used in the production of material in questions. In case of 
rod samples, a length of rod should be 50 mm and diameter should be 50 
mm. 
A reagent is taken in an amount of 8 ml per cm2 surface area of plastic 
sample free from extractable substance and it is 20 ml per cm2 surface area of 
extractable plastic sample. 
After loading the specimens in a bath, the reagent is mixed at least 
once in a day. After every seven days, specimens are removed from reagents 
one at a time, washed, wiped, dry and weighed. A percentage increase or 
decrease in the mass of a specimen is determined according to equation 6.2: 
( )
100
1
12 X
M
MMM −=∆                          …6.2 
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where ∆M is the change in weight, M1 and M2 are weights of specimen before 
and after immersion in a given reagent. 
(2) Chemical resistance by change in linear dimensions 
This method is based on change in linear dimensions of specimen after 
prolonged exposure to a reagent. The form, size and number of specimens 
and quantity of reagent must remain the same as in the change in mass 
method. Before testing, the thickness of central portion of the disc and two 
mutually perpendicular diameters of each specimen are measured after every 
seven days. The specimens are taken out from the bath, washed, wiped with 
a cloth and checked for dimensions at the same places. A change in any of 
the linear dimensions in percent (%) is determined according following 
equation 6.3. 
               
( )
100
1
12 X
l
lll −=∆                              ….6.3 
where l1 and l2 are linear dimension of the specimens before and after 
immersion in the reagent. 
(3) Chemical resistance by change in mechanical properties 
This method is based on stability of mechanical properties of plastics 
under prolonged exposure to reagent. The form, dimensions and number of 
specimens of plastic materials are chosen in compliance with the standard. 
After exposure to a reagent, the specimens are washed, wiped and tested for 
one or two characteristic properties such as tensile strength, flexural strength, 
impact strength, hardness, percentage elongation at break and mechanical 
stress in bending that causes a deflection equal to 1.5-fold thickness of 
specimen. 
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RESULTS AND DISCUSSION 
The chemical resistance of BCF, EBF and EMF composites was 
determined by change in weight method at room temperature for varying time 
interval (24 h, 1 week, and 1 month). For this purpose, preweighed pieces of 
composites having 5 cm x 5 cm dimensions were taken. The edges of all 
specimens were sealed with corresponding resin. The effective sealing of 
edges confirmed the absorption of reagent by faces only and not by the 
capillary action through edges. The preweighed composite specimens were 
immersed in distilled water and 10% each of aqueous HCl, NaOH and NaCl 
solutions at room temperature [26]. 
The change in weight after 24 h, 1 week and 1 month was determined 
and reported in Table 6.7. From Table 6.7, it is clear that % weight has 
increased with time except 10% HCl solution for BCF and 10% NaOH solution 
for EMF, in which decreased in weight is observed. The increase in weight 
might be due to solvation phenomenon, while decrease in weight might be 
due to leaching effect. It is interesting to note that the moisture absorption of 
BCF composite (1.18%) is comparatively less than that of phenolic composite  
(0.12-2.7%) after 24 h [27]. Thus, BCF composite possesses good chemical 
resistance even in relatively concentrated acid, alkali and salt solutions. 
 
26. V. Pauchard, F. Grosjean, H. Campion-Boulharts, A. Chateauminois “Application of a 
stress corrosion-cracking model to an analysis of the  durability of the glass/epoxy 
composites in wet environment, Composite Science and Technology, 62, 493-498, 
2002. 
27.  N. C. W. Judd and W. W. Wright “Reinforced Plastics”, (FRP Technology) R. G. 
Weatherhead , Applied Science Publishers Ltd.,  London, ch13, p 304-305, 1978. 
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Table 6.7: Chemical resistance data of BCF, EBF and EMF composites 
 
            % weight change   Resin   Reagent 
    24 h     1 week    1 month 
 BCF  H2O 
 10% HCl 
 10% NaOH 
 10% NaCl 
 +1.18 
 -0.17 
 +7.67 
 +6.91 
 +4.82 
 +0.37 
 +10.92 
 +7.80 
 +6.15 
 -0.94 
 +12.20 
 +8.88 
 EBF  H2O 
 10% HCl 
 10% NaOH 
 10% NaCl 
 +0.50 
 +0.21 
 0.45 
 0.40 
 +2.98 
 +1.11 
 +1.27 
 +0.94 
 +4.36 
 +2.12 
 +2.70 
 +1.33 
 EMF  H2O 
 10% HCl 
 10% NaOH 
 10% NaCl 
 +3.75 
 +0.71 
 +0.44 
 -5.03 
 +7.88 
 +1.79 
 +16.58 
 +7.88 
 +10.02 
 +0.61 
 +19.98 
 +10.02 
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CHAPTER - 7 
SURFACE COATING  
OF MIXED RESINS ON  
METALS 
 
 
 
 
 
 The low molecular weight epoxy and phenolic resins give them 
exceptional molecular mobility during processing. They are either liquid at 
room temperature, or on warming, and readily dissolved to form fluid 
solutions. This high mobility during processing permits fast thorough wetting 
of surfaces, which is particularly important to their use in coatings, reinforced 
structures and adhesives. 
 The high reactivity of the epoxide groups with amines, anhydrides and 
other curing agents provides fast and easy conversion of the liquid monomers 
into high molecular weight cross-linked materials. Since these curing 
reactions generally occur with little or no change in the number of bonds, and 
are generally addition reactions with little or no evolution of volatile 
condensation by-products, they cause little shrinkage or evolution of gases, 
and permit easy conversion of liquid raw materials directly into finished solid 
products. 
 The combination of aliphatic, aromatic, ethers and hydroxyl groups in 
the original epoxy resins, plus the amine, ester and other groups formed by 
reaction with the curing agent, all provide a range of structures, polarities and 
hydrogen-bonding, which is compatible with and attracted to a wide variety of 
surfaces, producing good wetting and penetration, which is particularly 
important in coatings. In fact, the curing reactions may even form ionic or 
covalent bonds directly with these substrates. 
 The major use of epoxide is in protective coatings for plant 
maintenance, into primers, can and drum linings, pipes, appliances, floor 
toppings and bridges. The second large application is adhesives. 
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(1) Metal to metal adhesives such as aluminium honeycomb for 
aircraft, metal laminating solders and auto body repairs 
(2) Metal to plastic adhesives for bonding polyester film to aluminium 
foil in heat-sealable impermeable packaging, copper to phenolic 
boards in printing circuits and poly tetra fluoro ethylene to steel or 
stainless steel in nonstick cook-wares 
(3) Plastic to plastic adhesives such as reinforced polyester 
construction and boat repairing. 
(4) Bonding concrete in repair of highways and buildings 
The high degree of cross-linking in the cured structure produces 
hardness, strength, heat-resistance, electrical resistance and broad chemical 
resistance. These properties are important in coatings, adhesives and 
reinforcements [1]. 
 The use of straight resole and novolacs resins derived from phenol in 
surface coatings is very limited, mainly because of the brittleness of the films. 
Vegetable oils can not be used as plasticizers because they are incompatible 
with the resins. However, there are a number of ways in which oil-solubility 
can be achieved and large quantities of phenolic resins suitable for surface 
coatings can be produced [2]. 
 
 
 
 
1. R. D. Deanin “Polymer Structure, Properties and Applications”,  Cabners books, 
division of Cabners publishing company, Inc., 1972. 
2. R. R. Myers “History of Polymer Science and Technology”, p-69, New  York 1982. 
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(I) Rosin modification 
 In this method, a simple resole (i.e., based on phenol or cresols) is 
heated at 150-3000C with an excess (about 10:1 by weight) of rosin (the main 
constituent of which is abietic acid). Chroman derivatives are produced by 
interaction of abietic acid and phenolic methylol groups via quinone methide. 
 The resulting complex acid is usually esterified with glycerol or 
pentaerythritol and then heated with a drying oil e.g., linseed oil. The product 
finds application in low-cost paints used for the protection of metal in chemical 
plant. 
 
(II) Use of substituted phenols 
 Both resole and novolacs prepared from higher homologues of phenol 
are used for making oil-soluble resins for surface coatings. The phenols are þ-
tert-butyl phenol, þ -tert-amyl-phenol, þ –tert-octyl phenol and þ -phenyl 
phenol. The cooking of phenol-formaldehyde resin with drying oil is well 
understood and some reactions appear to occur. In this case, methylol groups 
may be involved both in chroman formation, as described previously, and in 
etherification by hydroxy groups in the alkyl resin. 
 
Key developments in coating industries 
• Early chemists relied on natural products for varnishes based on 
fossilized resins and natural oil. 
• The attempts have been made to modify the natural resins to produce 
synthetic natural products. 
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• Another key development of rubber and then phenolic resin followed by 
alkyd, urea and melamine formaldehyde resins. 
• Other ‘Leap frog’ achievements came in around 1944-silicone based 
paints and in 1947-epoxy resins. 
• There after the coating industry was revolutionized by development of 
PVA and acrylic lacquers, powder coatings, water-borne paints, UV-
cure coatings, cationic electro coatings and clear-over color top coats. 
 
Epoxy resins based adhesives can be produced in various forms: one 
–and–two part liquids, film, or solvent based. The wide variety of formulations 
is indicative of the advanced state of the art of epoxy adhesives. 
In context to epoxy esters, the epoxy resin can be considered as a 
polyfunctional high molecular weight alcohol. Generally, epoxy resins with 
epoxy equivalent weight in the range of 500-1000 are normally used. The 
structurally hindered nature of the resin acid carboxylic groups makes it 
necessary to use high temperature or generally more drastic conditions to 
bring about etherification. These hindrances in turn are responsible for the 
unusual resistance of the ester linkage to cleavage by water, acid and alkali. 
 All the vegetable oil fatty acids are used for esters manufacturing but 
the most commonly used are listed below with their specific properties they 
confer on the epoxy ester. 
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Fatty acid Epoxy ester properties 
Linseed Fast air drying system with poor color retention 
DCO Fast air-drying or stoving system with good flexibility 
and chemical resistance 
Soya been Air-drying systems with good color and soft flexibility 
films 
Coconut oil Non-air drying system with very good color, chemical 
resistance and flexibility, good color on oven backing 
  
 Rosin acid can be used to esterified the epoxy resin because resin or 
one of it’s many derivatives include it’s ability to impart or improve singly, or in 
combination, properties such as specific adhesion, gloss, hardness, abrasion, 
resistance to water and its ability to function as a binding, leveling or pigment 
wetting agent and as an emulsifier, plasticizer and tackifier. In addition, 
economic saving may be achieved by substituting low cost rosin for the more 
expensive epoxides.  
 The combination of epoxy and polyester resins, if favored for powder 
coating, which requires backing at 1700 to 2000C to form a thermoset finish.  
 The use of epoxy esters in powder coating has two main advantages 
as compared with solvent-based system. 
(1) Absence of solvents reduces health and safety hazards 
(2) For special heavy duty application, a high film thickness can be 
obtained in one application without danger of solvent evaporation or 
film porosity 
Suitably modified epoxy esters are also used for both anodic and 
cathodic electro deposition as automotive primers. 
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Although epoxy esters have similarities with alkyd resins, they offer 
films with some superior film properties in particular, adhesion, flexibility, 
chemical resistance and color. 
They have advantage of air drying or stoving or they can be co-cured 
with phenolic or amino resins. The epoxy esters can be applied by roller 
coating, spraying and brushing or electro deposition. Also they offer 
advantages like 
• Excellent flexibility 
• Better chemical resistance 
• Excellent durability 
• Good adhesion 
• Ease of handling 
• Rapid air drying or back curing 
• Good film toughness 
Above all these advantages make epoxy esters a versatile coat almost 
used in every facets of life such as 
• Automotive primers 
• Appliance primers 
• Flexible tube coatings 
• Drum linings 
• Marine finishes 
• Floor sealers and top coats 
• Metal decorating lacquers 
• Enamels for hardware and metal furniture 
• Industrial maintenance primers and top coats 
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EXPERIMENTAL 
 BCF (1 g), EBC / EMBC (1 g) + BCF (0.5 g) were dissolved in 25 ml of 
acetone.  The resultant solution was applied on each of 5 cm x 1 cm 
aluminium, copper and steel plates by means of a smooth brush. All the 
plates were allowed to dry at room temperature for 30 min and then heated in 
an oven at 900C for 2h to ensure complete evaporation of solvent from the 
coating. The coated plates were post cured at 1500C for 2h to complete 
curing. A very fine coating was observed on plates with good adhesion to the 
substrates.  
RESULTS AND DISCUSSION 
 The average thickness of coatings on various plates is reported in 
Table 7.1. The coated plates were tested for surface resistivity and chemical 
resistance. 
(1)  Surface resistivity 
 The insulation property of coatings was qualitatively measured by two 
probes standard multimeter Model No. S-200, Dot Tech. The surface of all 
metal plates were found insulating (resistance>2000MΩ). The surface 
conductivity test was carried out at several places to ensure perfect insulation 
property of the coating.  
(2)  Chemical resistance of coatings 
 All the coated plates were subjected to chemical resistance by 
immersing in each of 10% HCl, NaCl and distilled water. The immersed plates 
were observed periodically. All coated plates were intact up to 24h, and then 
coating deteriorated slowly and removed from the substrate surface. This 
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might be due to small cavities at the surfaces or cavity due to entrapped 
solvent molecules on the film’s surface. 
 
Table 7.1: Average thickness of coatings on metal plates 
Thickness, µ m  
Resin Aluminum Copper Mild Steel 
BCF 43 46 13 
EBC 33 16 36 
EMBC 36 30 30 
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CHAPTER - 8 
DEVELOPMENT OF COMPOSITES  
BASED ON  
NATURAL FIBERS 
 
 
 
 
 
INTRODUCTION 
 Various parts of plants like wood, bast, leaf, cane, straw, grass, seeds 
and husks are being most widely used in applications like building materials, 
particle boards, insulation boards, etc. Natural fibers like jute, coir, hemp, flex, 
sisal, palm, banana, etc. are grown in many parts of the world. Some of them 
have aspect ratios (ratio of length to diameter) > 1000 and can be easily 
woven. Recent development indicates that plant based natural fibers can very 
well be used as reinforcing fibers in polymer campsites, replacing to some 
extent more expensive and non-renewable synthetic fibers such as glass. The 
maximum tensile, impact and flexural strengths for natural fiber reinforced 
plastic (NFRP) composites reported so far are 104 MN/m2 (jute-epoxy), 22 
kJ/m2 (jute-polyester) and 64 MN/m2 (banana-polyester), respectively. The 
properties of some natural fibers are reported in Table 8.1. 
 There are many examples of the use of cellulosic fibers in their 
native condition like sisal, coir, jute, banana, palm, flex, cotton and paper for 
reinforcing of different thermoplastic and thermosetting materials viz: Phenol-
formaldehyde, unsaturated polyester, epoxy, urethanes, PE, PP, and natural 
rubber. Different geometries of these fibers both singly and in combination 
with glass have been employed for fabrication of uni-directional, biaxial and 
randomly oriented composites.  
Amongst lingo-cellulosic fibers, jute contains a high proportion of stiff 
natural cellulose. Rated fibers of jute have three principal chemical 
constituents, namely, α-cellulose, hemi cellulose and lignin. In addition, they 
contain minor constituents such as fats and waxes, minerals, nitrogenous 
matter, and trace of pigments likeβ-carotene and xanthophylls.   
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Table 8.1: Properties of selected natural fibers 
Properties Jute Banana Sisal Pineapple Coir Glass 
Width or 
diameter (mm) 
 
- 80-250 50-200 20-80 100-450 7-8 
Density (gm/cc) 
 
1.3 1.35 1.45 1.44 1.15 2.5 
Volume resistivity 
at 100 volts cm 
X105 
- 6.5-7 0.4-0.5 0.7-0.8 9-14 9-10 
Micro-fibrillar 
Angle (degree) 
8.1 11 10-22 14-18 30-49 - 
Cellulose/lignin 
content (%) 
61/12 65/5 67/12 81/12 43/45 - 
Elastic modudlus 
GN/m2) 
- 8-20 9-16 34-82 4-6 85.5 
Tenacity (MN/m2) 440-
533 
529-754 568-640 413-1627 131-175 4585 
Elongation (%) 
 
6-9 - - - 12 0.5 
 
Several studies of fiber composition and morphology have found that cellulose 
content and micro fibril angle tend to control mechanical properties of 
cellulosic fibers. The specific mechanical properties of the composites are 
comparable to those of glass fiber reinforced plastics (GRP). Apart from much 
lower energy requirement for production of jute (only 2% that of glass) makes 
it attractive as a reinforcing fiber in composites. Comparison of mechanical 
properties of E-glass with jute is listed in Table 8.2. 
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Table 8.2: Mechanical properties of E-Glass and Jute 
Properties E-glass Jute 
Specific gravity 2.5 1.3 
Tensile strength 
(MN/m2) 
3400 442 
Young’s modulus 
(MN/m2) 
72 55.5 
Specific strength 
(MN/m2) 
1360 340 
Specific modulus 
(GN/m2) 
28.8 42.7 
 
Fabrication of composites 
Hybrid composites of glass with different natural fibers like jute, coir, 
hemp, flex, sisal, etc. can be fabricated initially by hand lay out technique for 
making the sheet-molding compounds. Jute composites are being used in 
India in various commercial sectors. However, as use of jute alone as 
reinforcing fiber is not suitable for high strength applications, jute-glass fiber 
combination can be well suited for such applications. Incorporation of glass 
with jute brings about large increase in mechanical properties of composites.  
Phenolic resin is one of the first synthetic resin exploited commercially 
for fabrication of jute-composites products mainly because of its high heat 
resistance, low smoke emission, excellent fire retardancy and compatibility 
with jute fibers. Even though new resin systems like epoxy, unsaturated 
polyester and polyurethanes have also come in to picture for composite 
applications. Designers to fabricate composites adopt many techniques. 
Some of them are listed below: 
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• Compression molding 
In this process, reinforcing fibers are impregnated with the appropriate 
resin. The prepregs are allowed drying under hot air. These pre-impregnated 
layers are stacked one over other and arranged to desire thickness. They are 
subjected to hydraulic pressure of 1.5 to 2 tons at temperature about 120-1500 
C. The composite fabricated by this technique have good mechanical 
properties and good compactness. 
• Pultrusion 
Another unique process converts primary raw materials directly into 
finished products continuously. The technique serves good for thermoplastic 
as well as thermosetting. Natural fibers available in continuous form such as 
mat, roving, woven cloth, yarn, etc. is impregnated with resin and passed 
through hot die to complete curing reaction. The speed of pultrusion ranges 
from 0.4 to 1.0 m/min depending upon complexity of the products. For high 
speed manufacturing of articles, pultrusion is successfully implemented. 
• Resin Transfer Molding (RTM) 
A quick and cost effective process for the production of quality volume 
composites, this technique is commonly employed. By the help of RTM 
technique a variety of articles can be molded ranging from simple sheets to 
complex shape. 
 A flow chart to fabricate jute-coir composites is shown as under 
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A Flow Chart to fabricate jute-coir composites 
 
Jute woven sheet cutting 
unit 
Coir fiber chopping unit 
Spraying of resin on 
chopped coir fiber 
Soaking into resin bath 
Hot air drying 
Coir fibers were placed 
between jute face veneers 
 
Hydraulic pressure about 1.5 to 2.0 
tons at 120 to 1500 C  
 
Finishing of edges and 
sides 
Cooling under pressure for 
24 h 
 
 
 
 
 
 
Properties of natural fibers 
 The mechanical properties of natural fiber composites depend on many 
parameters such as fiber strength, modulus, fiber elasticity, fiber length and 
orientation, in addition to the fiber matrix interfacial strength. For effective 
reinforcement the elastic modulus of the fiber should be higher than that of 
matrix. 
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 Amongst thermosets composites, phenol formaldehyde matrix 
composite shows higher strength and modulus than epoxy composite followed 
by polyester composites. Since fiber matrix interfacial bond strength increases 
for the matrices in the order of PF>Epoxy>Polyester.  
The characteristics of NFC boards are as follow: 
• Attractive natural look as it can be painted, polished or laminated. 
• Water proof with minimum surface absorption 
• Economical 
• Strong and rigid 
• Environmental friendly 
• It can be nailed, screwed and cut sharply. 
 Extensive research has been reported in literature by taking a variety of 
reinforcing materials with different matrix materials like epoxy, phenolic and 
polyester resin and thermosets. 
 Jacob et al. [1] have reported building boards from phenolic resin and 
cellulosic material coated with petroleum hydrocarbons. They have prepared 
hard boards/chip boards from cellulosic waste material, bounded in PhOH-
HCHO resin (100:160 parts). The boards were prepared by spraying a resin 
on the mass of wood chips previously mixed with approximately 1.5% by 
weight of petroleum based on the weight of dry wood chips. The prepregs was 
subjected to compression press at 3500F for 150-250 lb/sq. in. The modulus 
of rupture of this board is 1860 lb/sq. in., water absorption is 18% and swelling 
is 3.2%. 
1. J. R Ash, G. E. Brocon and C. R. Cox “Building boards from phenolic resin and 
cellulosic material coated with petroleum hydrocarbon”, U.S. 2,962,459 (1960); C.A. 
55, 5908, 1961. 
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 Belyi et al. [2] have prepared high impact materials based on 
combination of glass-wood fibers. They reported that introduction of ~20% 
glass fiber into wood plastic composite containing PhOH-HCHO resin 
significantly improved its hardness and impact, tensile, bending and shear 
strength. The optimum average length of glass fiber was 25-30 mm.  
 Winfield and Barbara [3] have prepared low cost housing that can 
withstand cyclic winds in countries like Bangladesh. A house constructed from 
jute-reinforced polyester with 0.01-inch thickness and exterior layers of glass 
reinforced polyester. Such composite boards can withstand windblast from jet 
aircraft of 230 mph and exposure of 750 gallons/min of water and 2000F for 
maximum wall deflection of 2-3 inch. 
 Aoki et al. [4] have reported the wood reinforced decorative molding 
board. In a typical formulation, wood was impregnated with an unsaturated 
polyester resin to prepare composites. Thus, a spruce veneer was immersed 
in unsaturated polyester containing 40% styrene and 1% benzoyl peroxide for 
24 h to 95% pick-up of solution and 10 such veneers were laminated at 1150C 
and 3 Kg/cm2 pressure under hydraulic press. 
 
 
 
2. V. A. Belyi, M. A. Ekimenko and V. F. Annekov “High impact materials based on 
wood”, Plast. Modif. Preu. Mater. 34, 219-223, (1968); C.A. 74, 100716, 1971. 
3. A. G. Winfield and L. Barbara “Reinforced plastics in low cost housing”, Adv. Chem. 
Ser. 134, 207-218, (1973); C.A. 82, 32004, 1975. 
4. Aoki, Eiichi, Fujii, Nobuyoshi, Sasakuri, Hirokai “Reinforcement and decorative 
molding of wood”, Japan Kokai 77,125,607 (1977); C.A. 88, 122864, 1978. 
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 George et al. [5] have developed composite boards from rice husk by 
coating and mixing the raw husks with water dispersible resin prepared by 1-
step condensation of cardanol or cashew nut shell liquid with phenol 
formaldehyde using alkali as a catalyst. Coated husks were placed between 
hot pressing mats at 160-2200C. Thus, 8 Kg husk was sprayed coated with 
1.6 Kg resin binder. 
 Li et al. [6] have studied properties of sisal fiber and its composites. 
They have modified the surface morphology of fibers by coupling agents such 
as N-substituted methacrylic acid, gamma-methacryloxy propyl trimethoxy 
silane, neopentyl (diallyl) oxy, tri (dioctyl) pyrophosphate titanate and neo 
pentyl (diallyl) oxy triacryl zironate. Composites were fabricated using 
modified fibers with polyester, epoxy, polyethylene, etc. both mechanical and 
moisture absorption resistance properties can be improved. They have also 
studied dynamic mechanical, electrical and ageing properties. They 
concluded that the modified sisal fiber reinforced composites are result of their 
good mechanical, environmental and economical properties. 
 Ray et al. [7] have reported impact fatigue behavior of vinyl ester resin 
matrix composites reinforced with alkali treated jute fibers. An impact fatigue 
study has been made for the first time on 35% jute vinyl ester composite 
 
5. George Joseph, Zoolagnd, Shri Shankarya, Shivasangayya and Surender 
“Composite boards from rice husk”, Ind. Pat. 1,46,015 (1976); C.A. 91, 212346, 1979. 
6. Yan Li, Yiu-Wing Mai and Lin Ye “Sisal fiber and its composite: A review of recent 
developments, Composite Sci. and Tech., 60, 2037-2055, 2000. 
7. D. Ray, B. K. Sarkar and N. R. Bose “Impact fatigue behavior of vinyl ester resin 
matrix reinforced with alkali treated jute fibers” Composite: Part-A, 33, 233-241, 2002. 
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containing both untreated and alkali treated composites followed by the 
untreated and 4h treated composites. The flexural strength of treated fibers 
composites was superior.  
Cichocki and Thomason [8] have studied the thermoplastic anisotropy 
of jute fibers with epoxy resin as a matrix system. The dynamic mechanical 
and thermal mechanical techniques have been employed to measure the 
elastic and thermal expansion characteristic of model composite system 
containing jute fibers over a broad temperature range. 
The jute fibers investigated in this study exhibits considerable elastic 
and thermal expansion anisotropy. The fibers longitudinal young’s modulus 
E1f, was estimated to range between 5 to 10 times that of its transverse 
modulus E2f over a temperature range of -50 to 500C.    
Singh et al. [9] have fabricated jute fiber reinforced phenolic 
composites for the study of durability and degradation due to out door 
exposure. The physical and mechanical properties of jute composites have 
been studied under various humidity, hydrothermal and weathering 
conditions. The ageing induced deterioration effect of their conditions on the 
dimensional stability, surface topology and mechanical properties of the 
composite was observed.   
 
 
 
8. F. R. Cichocki Jr., and J. L. Thomason “Thermoplastic anisotropy of natural fiber” 
Composite Sci. and Tech. 62, 699-678, 2002. 
9. B. Singh, M. Gupta and A. Verma “The durability of jute fiber reinforced phenolic 
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Ray et al. [10] have studied dynamic mechanical and thermal analysis 
of vinyl ester resin composites reinforced with untreated and alkali treated jute 
fibers. The dynamic modulus E*, storage modulus E’, loss modulus E” and 
damping parameter tanδ were calculated from thermograms of 23, 30 and 35 
volume% untreated jute composites and 35 volume%  alkali treated (5% 
NaOH treated for 4 and 8h) jute composites. 
Joffe et al. [11] have studied the composites based on flex as a 
reinforcing fiber. They have fabricated natural fiber composites (NFC) and 
compared their mechanical properties with glass mat thermoplastics (GMT). 
The investigation showed that NFC have mechanical properties such as 
matrix/fiber compatibility, stiffness, strength and fracture toughness are as 
high as GMT or even higher in some cases. They have concluded that such a 
good mechanical properties in combination with lightweight makes use of 
NFC very attractive for automotive industries. 
Biswas et al. [12] have described the importance of natural fibers for 
composite manufacturing. They have discussed the fabrication of jute-coir, 
jute-glass, jute-polyester composites, bamboo-mat veneered rice husk board 
 
10. D. Ray, B. K. Sarkar, S. Das and A. K. Rana “Dynamic mechanical and thermal 
analysis of vinyl ester resin matrix composites reinforced with untreated and alkali 
treated jute fibers”, Composite Sci. and Tech., 62, 911-917, 2002. 
11. R. Joffe, L. Wallstrom and L. A. Berflund “Natural fiber composites based on flax 
matrix affects”, Proceedings of International Scientific Colloquium, Modeling for 
Saving Resources, Riga, May 17, 2001. 
12. S. Biswas, G. Shrikanth and S. Nangia “Development of natural fiber composites in 
India” Composite 2001 Convention and Trade Show, composite fabrication 
association, Oct. 3-6, 2001, Tampa, FL, USA. 
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and the use of cashew nut shell liquid as natural resin for biodegradable 
composites. The physical properties of composites were also measured. 
Bledzki and Gassan [13] have published a review article concerning 
natural and man-made cellulose fiber reinforced plastics and introduced 
possible applications of these materials. The physical properties and chemical 
compositions of natural fibers such as structure of fibers, cross-section, 
degree of polymerization, cellulose content, and angle of fibrils are discussed. 
The application of natural fibers as reinforcement in composite materials, jute 
as for glass fiber reinforcement, and survey about physical and chemical 
treatment methods are reported. 
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Progress in Polymer Science, 24, 221-274, 1999. 
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EXPERIMENTAL 
 Besides BCF, EBF and EMF glass composites used in the present 
investigation, hybrid composites based on glass, jute, wood and coir fibers are 
prepared for further investigation. The preliminary work developed is 
described in the following sections. 
Materials   
 Jute fibers (Brown jute, Corchorus capsularis) were collected from the 
Indian Jute Industries’ Research Association (IJIRA), Kolkata. The Jute fibers 
have used in form of woven matrices. Formaldehyde (40%) (Allied chemicals), 
sodium hydroxide, acetic anhydride, acetic acid, methanol and other 
chemicals were of either analytical or pure grade and used as received.  
Fiber treatment 
 Woven jute matrices (supplied by IJIRA, Kolkata) of 15cmX15cm 
dimensions were soaked in a 5% NaOH solution at 30oC for 8h. The fibers were 
washed several times with distilled water to remove residual NaOH from fiber 
surface, neutralized with dilute acetic acid and finally washed well with distilled 
water to pH 7. The fibers then dried in an oven at 100oC for 4h. Alkali treatment 
can remove natural and artificial impurities and produce a rough surface 
topography. In addition, alkali treatment leads to fiber fibrillation, i.e. breakdown 
of fiber bundles into smaller fibers. This increases the effective surface area 
available for wetting by the matrix resin.  
 
 Alkali treated fibers were subjected to acetylation by using maleic 
anhydride (20 g) in xylene (400ml) and conc. H2SO4 (3-4ml) as a catalyst at 
1500C for 5h. Acetylation replaces hydroxyl groups of cellulose to hydrophobic 
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acetyl groups. The fibers were washed and dried in an oven at 80oC for 4h. 
Similarly chopped wood fibers (packaging grass) of 4-5 mm size were acetylated 
by using maleic anhydride. Following two schemes are proposed for the 
acetylation of jute fibers with maleic anhydride. The intra or inter molecular 
acetylation by maleic anhydride results in formation of multi-membered ring 
structures.  
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Preparation of composites 
 Woven glass, treated and untreated jute and wood matrices 
(15cmX15cm) were kept ready for impregnation of BCF solution. A 60% 
solution of BCF was prepared in 100 ml acetone and applied with the help of 
a smooth brush. Chopped fibers were treated with the resin solution. The 
solvent was allowed to evaporate at room temperature. Ten prepregs were 
stacked one over other and pressed under hydraulic pressure of 2 tons/sq in 
at 1500C for 24 h. Similarly hybrid composites of glass-jute, glass-coir, glass-
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wood, jute-coir and jute-wood were fabricated for future study. Because of 
time and facility constraint, all these composites are not studied. It is proposed 
that the said composites may emerge out with good physical properties and 
find their industrial importance in the field of composites.  
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CHAPTER - 9 
COMPREHENSIVE  
SUMMARY 
 This chapter of the thesis deals with the brief summary of the work. 
CHAPTER-1 
 This chapter describes the general introduction and up to date 
literature survey on synthesis and characterization of phenolic and epoxy 
resins based on bisphenols.  
 
CHAPTER-2 
 This chapter deals with the synthesis of bisphenol-C derivatives, epoxy 
and formaldehyde resins and curing agent. 
 
CHAPTER-3 
 This chapter deals with the determination of epoxy equivalent, curing of 
phenolic and epoxy resins and the structure of cured resins is supported by 
IR- spectral data. The epoxy equivalents of EBC and EMBC were found to be 
580 and 823, respectively. The BCF resin was self-cured at different 
temperatures: 120o, 130o, 140o, 150o and 160oC and the observed curing time 
is about 16, 12, 10, 6 and 4 min, respectively. EBC was cured by using 
varying proportions (10-50%) of bisphenol-C-formaldehyde resin (BCF), 4, 4’-
diamino diphenyl cyclohexane (DDC), 4, 4’-diamino diphenyl methane (DDM), 
pyromellitic dianhydride (PMDA) and tetra chloro phthalic anhydride (TCP) as 
cross-linking agents at 1500C/2300C. 
 
 
 
189 
CHAPTER-4 
 Thermal analysis of cured resins is described in this chapter. TG-DTA 
thermograms of BCF, BCF-15, EBCP10 and EBCT10 cured resins were 
scanned at the heating rate of 150C/min while TG and DSC thermograms of 
EBCF10, EBCF20, EBCF30, EBCC10, EBCC20, EBCC30, EBCD10, 
EBCD20 and EBCD30 were scanned at the heating rate of 100C/min in 
nitrogen atmosphere. DSC/DTA exothermic transitions are due to 
decomposition of resins and supported by no weight loss over that 
temperature ranges. BCF and BCF-15 are thermally stable up to about 3600C 
and followed two step degradation leaving 4-8% residues. The BCF has 
undergone self-curing during heating and there is no change in thermal 
stability after curing for 15 min. at 1500C. The BCF, PMDA, TCP and DDC 
cured samples have almost same thermal stability (350-3650C), while DDM 
cured samples have considerably low thermal stability (2750C). All the cured 
resins followed two-step degradation pattern. Moreover, very small change in 
thermal stability and Tmax with hardener concentration is observed. The first 
step involved major weight loss (70-81%) for BCF, DDC and DDM cured 
samples while 54-62% weight loss observed in PMDA and TCP cured 
samples. The second step involved very small weight loss (9-14%) for all the 
samples. 
 The kinetic parameters such as energy of activation, frequency factor 
(A) and the order of reaction (n) were determined according to Freeman-
Anderson method. The change in entropy ∆S* is determined at Tmax. The 
different magnitudes of kinetic parameters indicated different degradation 
mechanisms. High values of E suggested high degree of curing. The large 
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and positive ∆S* indicated less ordered transition state, while negative ∆S* 
indicated more ordered transition state. 
 
CHAPTER-5 
 This chapter of the thesis elaborates the preparation of glass fiber 
reinforced composites. The BCF, EBF and EMF composites were prepared by 
using bisphenol-C-formaldehyde resin, EBC and EMBC as matrix materials 
and silane treated glass fabric as a reinforcing matrices. In the case of EBF 
and EMF composites, BCF resin was used as a curing agent. 
 
CHAPTER-6 
 This chapter of the thesis describes mechanical, electrical and 
chemical resistance of the composites. The observed trend in tensile strength 
is BCF>EMF>EBF>ER-1>ER-2. The high tensile strength of BCF composites 
is accounted due to high crosslinking density of BCF resin. The electrical 
properties like electrical strength (KV/mm), volume resistivity (Ω cm) and 
dielectric constant are reported along with ER-1 and ER-2 laminates. The 
observed trend in electric strength is BCF>ER-2>ER-1>EMF>EBF. The high 
electric strength of BCF is accounted due to highly packed cross linked 
structure that increases the rigidity of the network. 
 The chemical resistance of BCF, EBF and EMF of 5cm x 5cm was 
carried out according to change in weight method. The reagents used for the 
said study were water and 10% each of HCl, NaOH and NaCl solutions. It is 
found that BCF composites possess good chemical resistance even in 
relatively concentrated acid, alkali and salt solutions.  
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CHAPTER-7 
 This chapter of the thesis describes in brief coating application of 
mixed resins on different metal substrates such as copper, mild steel and 
aluminium. Coated plates were tested for their surface resistivity and water, 
acid and salt resistance. The surface resistivity was found more than 2000 
MΩ. 
 
CHAPTER-8 
 This chapter of the thesis describes the importance and development 
of some natural fiber composites as well as hybrid composites. Besides BCF, 
EBF and EMF glass composites, some hybrid composites based on glass, 
jute, wood and coir fibers are prepared for future investigation. 
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